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Preface 


BTK’98, the eigth meeting of the international Study Group for 
BioThermoKinetics 


A main purpose of the international Study Group for BioThermoKinetics is to 
promote “an extensive exchange of information and a closer collaboration between 
those scientists who try to assess biological processes by means of thermodynamics 
and/or kinetics. It should provide a forum for open discussions in a relatively small 
group of interested people; in particular young scientists should have the opportunity to 
present their ideas without the stress of appearance on an international congress. The 
subject to be discussed should include open problems, work in progress and 
unpublished material which requires that such information is not ‘abused’ or made 
available to persons not being member of the group”. This declaration is quoted from a 
letter (dated June 18, 1981) of the first acting chairman, Dieter Walz. The history and 
intentions, including this quotation, of the BTK Study Group is nicely described in the 
Introduction of the Proceedings of the BTK’96 by the now acting chairman Hans V. 
Westerhoff. I have repeated this declaration in order to remind us all of that the 
international Study Group for BTK are heading to arrange meetings where not resolved 
questions are openly discussed and where questions about biological processes may be 
reformulated because of lively discussions among interested people. 


The invitation to the BTK’98 therefore reads: 

The international study group on BioThermoKinetics - BTK - invites everyone 
to present her/his most recent and exciting results concerning the Thermodynamics, 
Kinetics, Regulation, or Control of Biological Systems. In particular contributions are 
encouraged that promote synthesis between theoretical and experimental approaches, or 
that examine the above topics quantitatively. BTK meetings are aimed at promoting (i) 
understanding of the quantitative sciences that are relevant to the field, (ii) rapid 
progress in the research in the field through synergism between the work of participants, 
and (iii) applications in medical and biotechnological contexts. Since the primary aim of 
the meeting is to encourage discussions between the most active scientists in the BTK 
field, sessions are organised so as to include a final discussion of each session’s main 
topic with reference to the poster presentations. Accordingly, much attention will be 
given to the poster presentations. Lectures mainly serve to present an overview of a 
topic and provoke discussion of unresolved issues. All participants are requested to 
contribute with a poster, also presented as a mini-paper in the BTK proceedings, which 
will be available to the participants during the meeting. 

The BTK’98 meeting with the notion “Jn The Post Genomic Era” is indicating 
the new powerful tools that are now available to reach a new level of understanding of 
the regulation or control of biological processes. The different sessions of the BTK’98 


meeting has been organised as to promote discussions between people that have 
assessed different approaches to resolve questions of biological processes. Session 1, 
“Control Analysis”: Theory and Applications”, is arranged to confront advanced 
experimental and theoretical approaches in the field of control analysis. Session 2, 
“Metabolic Regulation, Control and Signalling”, is to promote discussions of the whole 
metabolic process, from signalling to regulation and control. Session 3, “Biological 
Energy Transformations & Non-equilibrium Thermodynamics and Kinetics”, is devoted 
to thermodynamic and kinetic approaches of biological energy transformations. Is there 
a contradiction? Session 4, “Metabolic Pathways, Compartments and Channels & 
Transient Regulation of Metabolism”, is trying to address the whole complexity of 
biological systems. Not only are many biological systems facing a varying environment, 
but are also challenged with cross-talking between metabolic pathways and 
compartments involving channels and/or other communicative ways. Session 5, 
“Metabolic Modelling & Applications”, is addressing advanced modelling work in 
order not only to describe metabolic processes in mathematical terms but also to 
simplify the interpretation of attained experimental data and to question our way of 
believed logical thinking! This session is last but not least devoted to discussions about 
the relevance of our work to applied processes. 

The BTK’98 meeting has been organised by a local committee consisting of Eva 
Albers, Anders Blomberg, Christer Larsson, Gunnar Lidén, Annika Nilsson; IngaLill 
Pahlman, Hadi Valadi, Lena Gustafsson (all from Géteborg) extended by the acting 
chairman of BTK, Hans Westerhoff (Amsterdam). This committee is grateful for the 
support gained by the international advisory committee of the meeting consisting of 
David Fell (Oxford), Erich Gnaiger (Innsbruck), Reinhart Heinrich (Berlin), Jacqueline 
Hoerter (Chatanay Malabry), Jannie Hofmeyr (Stellenbosch), Douglas Kell 
(Aberystwyth), Jean-Pierre Mazat (Bordeaux), Jens Nielsen (Copenhagen), Michel 
Rigoulet (Bordeaux), Stefan Schuster (Berlin), Jacky Snoep (Amsterdam) and Karel van 
Dam (Amsterdam). 

This book has been prepared (the proceedings) by Christer Larsson and the other 
editors, with help in the reviewing procedure by the chairpersons of each session (Jannie 
Hofmeyr, Reinhart Heinrich, Jean-Pierre Mazat, Stefan Schuster, Hans Westerhoff, 
Erich Gnaiger, Lena Gustafsson, Jacqueline Hoerter, Gunnar Lidén and Karel van Dam) 
and their groups and some other people. Not to forget anyone, the organising committee 
gratefully acknowledge all people that have helped us in this work. Thank you all. 

To be judged from the proceedings, we can all be looking forward to a 
stimulating meeting. I hereby wish all participants most welcome to Géteborg — 
Gullmarsstrand on July 2. The BTK’98 meeting will continue directly after the EBEC 
Conference that will last during the period June 27 to July 2 in Géteborg, from where 


will together continue to Gullmarsstrand located in a nice environment at the sunny 
West coast of Sweden. 


G6teborg, June 22, 1998 


Se a 
VA 


Lena Gustafsson 


BTK TRADITIONS AND PERSPECTIVES: COMPLEX 
BIOTHERMOKINETICS AND CONTROL ANALYSIS 


Hans V. Westerhoff! »2, Bart J. van Rotterdam, Wally C. van Heeswijk I, Oscar 
Somsen!, Boris N. Kholodenko3 


E.C. Slater Institute’ and Institute for Molecular Biological Sciences’, BioCentrum 
Amsterdam, Faculty of Biology, Free University, De Boelelaan 1087, NL-1081 HV 
Amsterdam, The Netherlands, and Department of Pathology, Anatomy and Cell 
Biology, Thomas Jefferson University, Philadelphia’. 


INTRODUCTION 

Biology is subject to all principles of physics and chemistry. Yet, it is in 
biological systems that we recognize a degree of sophistication that is unsurpassed by 
almost all other systems. Faced with solving the Schrédinger equation for four 
interacting particles, and not being able to do so analytically, some physicists used to 
conclude that biology is ‘complicated’, and in fact, more complicated than to be 
amenable to the methods of physics. Because the four atoms in the example, and the 
billions and billions of atoms in biological systems were expected to be just more of the 
same as compared to the system of three particles that could be solved analytically, 
biology was not even going to be fundamentally interesting. This physicists’ view of 
biology has disappeared, with the increased interest in mathematical complex systems. 
In the latter it was most impressive that very simple systems of equations could give rise 
to highly complex patterns in time and space. Neither the sets of equations nor the 
physical systems they might represent were complicated in the sense of consisting of 
many components or of many interactions. Yet they could be called ‘complex’ in the 
sense of consisting of closely connected parts, where the connectedness rather than the 
parts individually gave rise to the complex behavior. 

As compared to the simple systems of equations that have become a strange 
attractor to many scientists, biology has the disadvantage that it is not only complex, but 
also complicated. In recent years, this disadvantage has faded; the composition of 
certain entire living cells is largely known. Experimentation now allows one to 
manipulate and study the living cell. Moreover, computer hardware and software have 
improved such that cell behavior can be simulated in the computer. Accordingly the 
live cell is ready for students of complexity. 

What is BioComplexity research? BioComplexity research focuses on the 
mechanisms by which in biological systems, due to the interaction of parts of the 
system, new behavior arises that is relevant for its biological function. The emergence 
of new behavior can be characterized in either of two ways: (i) the difference between 
the behavior of the system on the one hand and the sum of the behaviors of the 
components in the absence of the interactions on the other hand, or, (ii) the difference 
between the behavior of a component in the presence and in the absence of its 
interactions with the other components. 

Here we introduced the term ‘BioComplexity’, to emphasize that the scientific 
topic of biological complex systems differs from that of Complex Systems more in 
general. BioComplexity is tied to understanding the mechanisms involved in attaining 


biological function. BioComplexity research will deal with real systems that may be 
low on the scale of complexity, but high on the scale of functionality. Here we will try 
to catalyze this area of research a little by giving a few examples of perhaps the simplest 
cases of BioComplexity. We will show that Mosaic Non Equilibrium Thermodynamics 
and Metabolic/Hierarchical Control Analysis already embody important aspects of 
BioComplexity research. We will also review and suggest extensions to MCA that may 
remove some of its limitations in view of other aspects. 


Back pressure on light-driven systems 
The free energy contained in a photon vastly exceeds the proton electrochemical 


potential difference across energy coupling membranes (Az,,, ): Physical chemically, 
light driven proton pumping need not be sensitive to back pressure exerted by AZZ... 
Accordingly the light-driven proton pumps might be the most likely exceptions to the 
proposition that all bio-molecules in vivo are subject to their BioComplex environment. 
Through a Mosaic Non Equilibrium Thermodynamic (MNET) analysis it has been 
shown that the proton pumping by Bacteriorhodopsin is sensitive to such back pressure 
[1]. However, the more abundant light driven proton pumping in Nature is catalyzed by 
the chlorophyll based photosynthetic reaction centers of plants, algae, and most 
photosynthetic Bacteria. As had been done for Bacteriorhodopsin, bacterial 
photosynthetic reaction centers were incorporated into liposomes and_ the 
transmembrane electric potential difference was measured as a function of light 
intensity (J) and proton permeability (Zj,). Plotting the inverse of minus the 
(negative) A#i,,. versus the inverse of the illumination intensity at various concentrations 
of protonophore, a behavior was found that differed from that of Bacteriorhodopsin [2]. 
The previous description did not account for the possibility that independently of Azz... 
the photochemical reaction cycle of the reaction centers might saturate at high light 
intensities. Allowing for such saturation (and a corresponding half maximum light 
intensity, J,,), the following equation was derived [Van Rotterdam ef al., in 
preparation] and shown to be fully consistent with the experimental observations: 
1 
ory ty (4541) a 
“AA, @;. tea, \f y 
Here /, represents the concentration of the light driven proton pump, a, the (light 
intensity independent) thermodynamic driving force of the photon and y quantifies the 
back pressure effect; y equals zero in the absence of back pressure and is highly positive 
if the back pressure effect is strong. The lines in the above mentioned plots intersected 
in the second quadrant [Van Rotterdam ef al., in preparation], revealing that y exceeded 
zero hence that the photosynthetic reaction centers were subject to back pressure by 
Az. This observation indicates that even the light driven proton pumps that are at the 
origin of bioenergetics, do not function irrespectively of their biological environment. 
They too are BioComplex. 


Transitions in Control through tight binding 
Ammonia assimilation in E£. coli is subject to appreciable regulation. A dual, two- 


legged cascade of regulatory proteins manages both the transcription and the covalent 
modification of glutamine synthetase. We have been interested in the control on signal 
transduction exerted by the presumably pivotal protein PII, which sits where the two 
legs of the cascade diverge. Previously we found that PII does not control GS 
demodification in cells that had been grown in the absence of ammonia, because of the 
presence of its twin protein GInK. When cells were grown in the presence of ammonia, 
GlnK was absent. When they were then depleted of the ammonia, PII still did not 
control GS demodification. When PII concentration was reduced however, its control 
abruptly increased to close to 0.8 [3]. 

GS demodification is catalyzed by the bifunctional enzyme adenylyltransferase 
(ATase). The concentration of this protein is about three times that of the wild type 
concentration of PII. Because PII is a trimer, this implies that at the wild type level, the 
cellular amounts of PII and ATase are stoichiometric. If the dissociation constant of the 
ATase-PII complex were much smaller than the total concentration of ATase and if 
active ATase had full control on GS demodification rate, then the abruptness of the 
increase in control could be understood, because the fraction of ATase activated by 
(modified) PII, should be given by: 


[ ATase = PI comptes } ~s Leo nal for [PLE cal 


= <1, else =1 Eq. 2 
[ A Tas Crotal J [A TASC 191 ] [ A Tas Crotal ] 


If this explanation is correct, then the implication is that in the intact cell, the regulatory 
protein PII is fully complexed with the protein it regulates; protein-protein associations 
and corresponding biocomplex behavior, dominate control and regulation. Metabolic 
Control Analysis does not naturally take this type of feature into account. The 
importance of protein protein association also increases the likelihood that there is a 
strong difference between control and regulation inside the living cell and contro] and 
regulation in dilute solution biochemistry. The latter may not always mimic the high 
protein concentrations in vivo. It may prove important to adjust the conditions for in 
vitro biochemistry so as better to mimic the crowded in vivo conditions. At least in 
some cases it seems that the in vitro conditions can be mimicked by adding 
polyethylene glycol to simulate macromolecular crowding [4]. 


Complex Control Analysis 

Metabolic Control Analysis (MCA) has been developed most extensively for 
fluxes and concentrations in metabolic pathways with unique, asymptotically stable, 
steady states [1]. Gratifying are the summation laws, in which the principle of the, 
possibly distributed, total flux control of 1, replaces that of the single rate-limiting step, 
and the connectivity laws relating control properties in a fluxing system to enzyme 
properties. These laws can be summarized as: 


C=E" Eq. 3 


Here E is a matrix of elasticity coefficients and some coefficients that reflect the 
structure of the pathway [5]. C is a matrix of control coefficients. Elasticity 
coefficients are kinetic properties of enzymes. Control coefficients quantify the extent 
to which an enzyme in the pathway controls a flux or concentration. Let us briefly 
illustrate this for the simplest possible metabolic pathway (which has been analyzed 


before, but not precisely from this perspective): 


S2—++X+++P Eq. 4 
J J eee ex a 
c-(¢ “) = yy by — by -( — = E" Eq. 5 
ce ic 1 =I 1 -éy 


so that, for instance: 
= Eq. 6 


Cc = 2 eo 
Ey —Ey —Eéyx 


Eq. 6 demonstrates that the control coefficient of an enzyme with respect to a metabolite 
concentration is of just equal to the inverse of an elasticity coefficient of that enzyme 
with respect to that metabolite concentration, but rather to an element of the inverse of 
an entire matrix of elasticity coefficients of all enzymes in the systems with respect to 
all metabolites. This is a signature of the complexity of the control of metabolic 
pathways: control by an enzyme is a function of the kinetic properties of all enzymes in 
the pathway not just of that enzyme by itself. This conclusion is well known to experts 
of Metabolic Control Analysis, but is here highlighted as an indication that Metabolic 
Control Analysis can be an important tool in the analysis of BioComplexity. 

Continuing in the formalism of Reder [6], we shall directly discuss the system in 
terms of the independent variables (as denoted by superscript 0). The matrix of 
elasticity coefficients of reactions with respect to the independent metabolic variables is 
denoted by @°, the matrix of concentration control coefficients with respect to the 


independent reaction rates v, as C°. The ~ on top of the coefficients implies that they 
correspond to the absolute rather than the log-log derivatives. The network 
stoichiometry matrix (N°) is defined by the second and third term of the equation that 
applies to any parameter variation for which the system reattains steady state: 
dx° 

0=d—-=N?-dv=N?-dv+N?-2°-C?-dv Eq. 7 
Since this is true for an arbitrary modulation of the reaction rates, Reder found the 
following expression for the concentration control coefficients in terms of the elasticity 


coefficients: 


C? =-(N°-2°)' -N°=-(3)'-N° Eq. 8 

3 is called the Jacobian of the system. For the pathway of Eq. 4 this reads as: 

- 1 -1 

C= >———_ SO OS Eq. 9 
& -é, By -by 7 


which is consistent with Eqs. 5 and 6. In the case of a simple metabolic pathway, the 
elasticity of enzyme 1 with respect to its product X is negative and the elasticity of 
reaction 2 with respect to its substrate X is positive. Accordingly, the Jacobian of the 


system, i.e., 3= &, — y is negative. 
Here we are interested in cases where the latter condition is not necessarily met, 
for instance because enzyme | is product stimulated. With increasing strength of this 


product stimulation @, becomes more and more positive, such that ultimately, but not 


immediately the Jacobian becomes equal to zero (i.e, when @,=€;). At that 
bifurcation point the concentration control coefficients become infinite. This reflects 
that the system has become structurally unstable, i.e, that a small change in enzyme 
activity value can cause an infinitely larger change in metabolite concentration. In 
mathematical analyses this point is eliminated because it is demanded that the Jacobian 
not equal zero. 

Our interest continues to the situation ‘past’ this bifurcation point, i.e., where the 
Jacobian becomes positive. Just using the equations derived by Metabolic Control 
Analysis, one then calculates control coefficients such that enzyme 1 exerted negative 
control on metabolite X and enzyme 2 positive control on metabolite X. It is not clear 
how much of a warning such results would give to the user of Metabolic Control 
Analysis; the implication of a non-negative Jacobian is that the fixed point is a 
unstable. Because of the fluctuations of the system, such a state that is steady in the 
mathematical sense, will not be steady in the physical/chemical/biological sense. 

Bifurcations of the above type are important for biological systems. They are 
often accompanied by the phenomenon of multiple fixed points. For a given set of 
parameters, a system may have three fixed points, one unstable, and two stable steady 
states. The actual state assumed by that system then depend on the initial conditions of 
the metabolic variables. Through a minor and temporary modulation of the independent 
variables, the system can be driven into either of the two stable steady states. Thus, a 
biological structure in development can become a wing or a leg, depending perhaps on 
such a minor and temporary modulation of a metabolic variable. Such phenomena 
certainly belong to BioComplexity and it should be worthwhile to examine to what 
extent MCA can address such cases. 

To examine this issue, we make explicit the modulation that corresponds to the 
definition of a control coefficient. A parameter is modulated that selectively affects a 
reaction rate. A metabolic variable is noted to change in time. In the case of 
asymptotically stable steady states, the variable relaxes to a new steady state value. The 
alteration in the parameter value causes an instantaneous change Sv in the reaction rate 
vector v. The vector of metabolite concentrations will subsequently vary with time as 
follows [7, 8]: 


X°(t) = X°(t) — X°(0) = -(I- e*')- 51 -N°- Sv Eq. 10 
Earlier [1, 8] we defined the time dependent control coefficient as the time dependence 
of the change in concentration of a metabolite after a change in activity of an enzyme, 
divided by that infinitesimal change in activity of that enzyme. For this control 
coefficient Eq. 10 implies [8]: 

C(t) = —(I—e*’)- 5" - N° Eq. 11 


This equation is now valid for both stable and unstable steady states. For the case of 
asymptotically stable steady states this control coefficient approaches the traditional one 


as time passes [cf,, 1,8]: 
lim@°(r) = lim - (I-e°")-'-N°=-3'-N°=C° if 3 negative definite  ¥q.12 
ta [7a 


For non stable steady states, the expression for the control coefficient given by this 
equation will go to infinity. This can be envisaged most clearly for the case where the 
vector of independent metabolite concentrations is one dimensional and the Jacobian is 
positive, as in the above example. 

In the case in which there are two independent metabolite concentrations, the time 
dependent control coefficient has a two dimensional time dependence. If the Jacobian 
then has complex eigenvalues, the control coefficient becomes a periodic function of 
time. If the real part of the eigenvalues is negative, the (real) control coefficient 
converges in an oscillating way to its traditional magnitude. If the real part of the 
eigenvalues is positive, the control coefficient diverges as time progresses and becomes 
ill defined [9]. This by itself does not constitute a Metabolic Control Theory for 
oscillating systems in the sense that we avail of a Metabolic Control Theory for systems 
at steady state. It does however clarify how traditional Metabolic Control Analysis 
would reflect that a system is oscillatory in nature. For a more complete Metabolic 
Control Theory of oscillating systems we refer to other recent theoretical developments 
(9, 10]. 

We have shown here that the control coefficients can be made to deal with 
oscillating systems, reminiscent of the cell cycle, of Calcium or glycolytic oscillations. 
It is in the cases of oscillations that ‘Complex’ Control Analysis obtains a double 


meaning. 
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Adenylate-conserving cycles form a central axis in the energy metabolism of all 
living organisms. Although the individual processes that form and consume ATP have 
been thoroughly studied, the important matter of the control distribution between ATP- 
supply processes and the different ATP-demand processes (and the accompanying 
question of which properties of these processes determine this control of the steady-state 
flux and concentrations of adenylates), has only recently been tackled experimentally 
Wes 

We have shown [3,4] how supply-demand control analysis of linear systems 
such as that depicted in Fig. 1, especially graphical analysis in the form of rate 
characteristics, can afford insight into the regulation of such systems. 


—[ Supply |-> X —|Demand | > 


Figure 1. A simple linear supply-demand system for metabolite X. The supply 
and demand blocks can be single reactions or groups of reactions. The control 
analysis given in the text requires that the blocks can communicate through X 
only. 


The control coefficients of the supply and demand blocks have the following 
simple and easily interpretable expressions in terms of the block elasticity coefficients 


[3]: 


- enely — 
Cu = Femina — gael (1) Cony ™ gitmand — errrly (2) 
x = 1 x 1 
Ciena = Fiend — gamely) Conaty = Faemand— gaoy A) 


Adenylate-conserving cycles can also be regarded as supply-demand systems 
(Fig. 2) [3,5]. If an active adenylate kinase is present (Fig.2B), it equilibrates the three 
members of the adenylate pool: ATP, ADP and AMP (in reality AMP is also formed 
and consumed by other processes, but if these are slow in comparison with the adenylate 
kinase reaction near-equilibrium still exists). 

A control analysis of the moiety-conserved cycle in Fig. 2A leads to expressions 
such as 


l supply __ 1 supply 
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Figure 2. Adenylate-conserved cycles with (A) and without (B) an equilibrating 
adenylate kinase. 


which seems considerably more complicated than its counterpart in the linear system 
(eqn. 1); an equivalent expression for the system in Fig. 2B is obviously even more 
complex. Simplifications are possible: (i) the inverse concentration factors unscale the 
fractional concentration change in the derivative so that each term is a half-scaled 
elasticity (Alnv/ a); (ii) the bracketed terms (or rather the terms that would result if 
both numerator and denominator are multiplied with [ATP] to give, for example, 


eneely _ epely .TATP]/[ADP]) have been called ‘apparent’ or ‘effective’ elasticities 
[6,7,8]: for the system in Fig. 2A the simple form of eqn. 1 is regained if effective 
elasticities are used. 

We have found an alternative approach to be very useful: it is based on the 
recognition that the cycles in Fig. 2 are moiety-conserved (a moiety-conserved cycle 
interconverts different forms of a chemical moiety, the sum of which remains constant 
[9,10]). If, in the case of Fig. 2A, the value of the sum [ATP]+[ADP] is known, one 
concentration can be calculated given the other—there is only one independent 
concentration. Atkinson [11] proposed the energy charge as the appropriate choice of 
independent variable for such a system. For the system in Fig. 2A the energy charge (ec) 
is simply the mole fraction of ATP (the mole fraction of ADP then being 1- ec): 


[ATP] _|___ [ADP] 
°° = [ATP] +[ADP] l-ec="ATP}+[ADP]~S 


The term ec can be regarded as the charged fraction of the adenylate pool, while 
1—ec is the uncharged fraction. In these terms the system transforms into that depicted 
in Fig. 3A. Formally, however, it remains a cycle and its control analysis is not 
simplified by the transformation. A great simplification results from the realisation that, 
instead of working with an independent and a dependent concentration variable as 


above, it is possible to consider only one independent variable, namely the 
concentration ratio [ATP]/[ADP], which can be seen to be equivalent to the ratio 


charged adenylates(c) _ ec — [ATP] 8 
uncharged adenylates (1) ~ l=ec [ADP] (8) 
A. B. 
ec 
; ec Cc 
Supply Supply[> joo y 
l-ec 


Figure 3. A generalised representation of the adenylate-conserving systems 
depicted in Fig. 2. Cyclic representation of supply-demand interconversion between 
charged fraction (ec) and uncharged fraction (l-ec). B. Linear representation of 
supply and demand of the ratio (c/u) of charged and uncharged fractions. 


In terms of this ratio the system transforms to that given in Fig. 3B, which is formally 
equivalent to the linear system in Fig. 1. 

Control analysis using metabolite ratios such as [ATP]/[ADP] is not a new idea 
and has been utilised before [e.g. 10,12]. However, its abstraction to the ratio c/u 
allowed us to extend the treatment to more complex adenylate cycles in the presence of 
adenylate kinase (Fig. 2B), which maintains an equilibrium distribution of AMP, ADP 
and ATP within the constant sum of their concentrations. The ATP-ADP cycle is no 
longer moiety-conserved and the [ATP]/[ADP] ratio no longer the appropriate variable; 
the conserved sum of adenylates now includes the concentration of AMP. Even so, there 
is still only one independent concentration variable (given the values of any one of the 
three concentrations, their sum, and the equilibrium constant of the adenylate kinase 
reaction, the other two concentrations can be calculated). For such systems, Atkinson 
[11] showed that the energy charge is given by the expression in eqn. 9 (the uncharged 
fraction then being that in eqn. 10). 


ties [ATP]++4[ADP] (9) _—— [AMP]+4[ADP] 
[ATP]+[ADP]+[AMP] = [ATP]+[ADP]+[AMP] 
(10) 
Analogous to eqn. 8 we now write 
charged (c) a [ATP]+4[ADP] (11) 


uncharged (wu) 1l-ec [AMP]+4[ADP] 


This unfamiliar ratio can be interpreted as follows: due to the stoichiometry of 
the adenylate kinase reaction half of the ADP pool is available (theoretically) to donate 
a phosphoryl group, and is therefore charged and added to the fully charged ATP, while 
the other half is available to accept a phosphoryl! group, and is therefore uncharged and 
added to the fully uncharged AMP. 

It can now be seen that the schemes depicted in Fig. 3 are quite general and, with 
the appropriate choice of ec and the ratio c/u, represent both Figs. 2A and 2B. The form 
that uses c/u as variable is, however, the most elegant in that it is formally equivalent to 
the linear system in Fig. 1, and therefore has the same simple control analytic 
expressions: 


—_tPrly gcemand 
c = chu (12) = (13) 
emand demand supply supply demand supply 
clu clu Cou Solu 
clu _ -l clu 1 
Sear ~ demand __ supply (14) Cicaiy ~~ demand _ supply (] 5) 
clu clu clu Solu 


As with linear systems, the elasticities in these expressions can easily be 
visualised as the slopes at the intersection point of curves of rate of supply and rate of 
demand against c/u in log-log space (an example of this use of so-called rate 
characteristics is given in [4]). We therefore propose this cyclic-to-linear transformation 
as an elegant method to treat and present the experimental results of studies on moiety- 
conserved systems such as adenylate-conserving cycles (and, equally, pyridine 
nucleotide-conserving cycles). 
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INTRODUCTION 

The experimental determination of contro! coefficients through modulated gene 
expression is a clean and promising approach, and in the future the advances in 
molecular genetics will allow for the perturbation of many biological processes that 
would otherwise be inaccessible to the experimenter. Ideally, one should change the 
expression of the enzymes under study around the normal level present in the cell, and 
measure the effect hereof on the relevant steady state variables in the system, i.e. fluxes, 
metabolite concentration and the concentration of enzymes that are subject to regulation. 
However, the tools for modulating gene expression is not well developed for many 
biological systems, and in many cases this is not really an experimental option. In some 
bacteria, such as E. coli, there are inducible systems available that allow one to adjust 
the expression of a gene or an operon by adding different amounts of an inducer. The 
best known example is the Jac promoter system from E£. coli and promoters derived 
from this system. These promoters are all silenced by the binding of the /ac repressor 
protein, unless an inducer binds to the repressor and releases it from the DNA. The 
frequency of transcription initiation from these promoters can then be modulated by 
varying the concentration of the inducer, usually IPTG (isopropyl-B-D-thiogalactoside). 
Although this is in principle an attractive method, the method has several pitfalls: i) the 
active accumulation of IPTG by the lactose permease causes the induction curve to 
become very steep, and ii) a steady expression level in the batch cultures is sometimes 
difficult to obtain, because the expression changes with increasing cell concentrations. 
While the former problem was alleviated by inactivating the gene encoding the lactose 
permease (Jensen ef al., 1993), the latter problem persisted, and the experiments had to 
be done at very dilute cell concentrations (where a steady state could indeed be 
obtained). In addition, the modulation with IPTG is less practical for large scale 
fermentation. 

If a library of promoters was available to choose from, then an alternative way to 
modulate gene expression would be to clone a number of promoters of different strength 
in front of the gene to be modulated. In order to be suitable for Metabolic Control 
Analysis, such a library should cover a broad range of promoter activities, and the 
strength of the individual promoters should only differ by a small factor, to allow for 
fine modulation of gene expression. In this paper we present a method for obtaining 
such promoter libraries, which should be applicable to many biological systems. The 
method will be illustrated through examples which include bacteria and yeast. Finally 
we present a strategy that reduces the cloning work considerably for many applications. 
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CONSTITUTIVE SYNTHETIC PROMOTERS FOR BACTERIA 

The gram positive bacterium, Lactococcus lactis, which is used extensively as a 
starter culture in the dairy industry, is one of the systems to which we apply 
experimental MCA (see also Andersen ef al., Pedersen ef al., Koebmann et al, these 
BTK proceedings). Besides funding, this organism has the interesting property of a 
relatively simple free-energy metabolism: Lactococcus lactis does not benefit from 
oxidative phosphorylation and the habitat to which this organism has been adapted for 
thousands of years (milk substrates) supplies an excessive amount of nutrients. This 
allows for an almost perfect splitting of the metabolism into a catabolic module (ATP 
supply by substrate phosphorylation through glycolysis) and an anabolic module (ATP 
demand for polymerization of macromolecules, etc.). 

The genetic tools on the other hand, for modulating gene expression in this 
organism, are not well developed. One exception is the nisin system developed by de 
Ruyter ef al. (1996) which allows one to induce gene expression by changing the 
concentration of nisin in the growth medium. It is not yet clear whether this system also 
allows for a steady state gene expression. This is a crucial point in the determination of 
control coefficients in biological systems, where homeostatic control at the level of gene 
expression may affect the control exerted by the modulated enzyme. 

We therefore took on the task of developing a library of synthetic promoters for 
use in Lactococcus lactis. This was done by synthesizing a degenerated oligonucleotide, 
which contained the consensus motifs for this organism (-35, -10 sequences, etc.), but in 
which the spacers between these motifs were randomized (see Jensen and Hammer, 
1998a; 1998b, for further details): 


a MCS . . + =39 . . 
5‘ CGGGATCCTTAAGAATATTATGCATNNNNNAGTTTATTCTTGACANNNNNNNNNNNNNNT 


. -10 « EL . mcs. ° 
GRTATAATANNWNAGTACTGTTAACTGCAGCTGAATTCGG 3’ 


The oligonucleotide, which also encoded multible cloning sites (MCS), was 
converted into double stranded DNA fragments, using Klenow polymerase and a short 
3” complementary primer, and cloned into a promoter cloning vector, pAK80 (Israelsen 
et al., 1995), containing a promoterless P-galactosidase reporter gene. Somewhat 
surprisingly, the result was a library of promoters which differed in strength over some 
3-4 orders of magnitude, in both E. coli and L. lactis, see figure 1. 
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Figure 1. Synthetic promoters for modulating gene expression in Lactococcus lactis and 
Escherichia coli, cloned into the promoter cloning vector, pAK80, kindly provided by 
Dr. E. Johansen (data from Jensen and Hammer, 1998a) 
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The entire range was covered in relatively small steps of activity increase which 
makes these promoters well suited for MCA studies. Another important feature of these 
promoters is that they are perfectly constitutive with respect to the growth phase in 
batch culture (data not shown). We also tested the promoters for use in E. coli and also 
here the promoters gave rise to a broad range of B-galactosidase activities, see figure 1. 
In an accompanying paper we show that the CP promoters were useful for modulation 
of the expression of an uncoupled ATPase in E. coli (Koebmann ef al., these BTK 
proceedings). 


REGULATED PROMOTERS FOR BACTERIA 

For practical applications it is sometimes useful to be able to activate gene 
expression at a particular point in time during a fermentation process. We therefore 
decided to see if we could equip the synthetic promoters with regulatory features, i.e. to 
generate a library of promoters of different strength which were all regulated by the 
same external parameter. The model system that we chose to work with was the CIRCE 
element, a short inverted repeat found upstream of heat-shock regulated promoters in 
gram positive bacteria (Zuber and Schumann, 1994). Again we synthesized an 
oligonucleotide which specified promoters for L. /actis and this time incorporated the 
CIRCE element from this organism some 5 bp upstream of the -35 consensus sequence 
(Jensen, 1998): 


1 MCS . > % . ¢ . “35. 
CGGGATCCAAGCTTAATATTAATTAGCACTCNNNNNNNNNGAGTGCTAATTTTTTTGACA 


61 . -10 +1 . 
NNNNNNNNNNNNNNTGRTATAATANNWNAGTACTGCAGCTGTCTAGAATTCGG 


Since we wanted to study promoter regulation we decided to integrate these 
promoters directly into the chromosome of Lactococcus lactis, to avoid interference 


from variations in plasmid copy number, etc. This was done using the promoter cloning 
vector, pLB85i (L. Brandsted, personal communication), which contains a promoterless 
gusA gene, encoding B-glucoronidase activity. Figure 2 shows the activity of some of 
the putative heat shock regulated promoters at two temperatures, 30°C and 37°C. The 
activities of these promoters were generally 1.5 to 2.5 fold higher at the higher 
temperature. We also sub-cloned two of the promoters from the constitutive series (see 
above) into this reporter system, for comparison. The expression from the latter 
promoters was independent of temperature, see figure 2. Two fold regulation may not 
seem like a very strong regulation, but newer the less it is in the same order of 
magnitude as the regulation found for the naturally occurring heat-shock regulated 
promoters, which has to do with the transient nature of this response. 


Synthetic promoters for bakers yeast. 

We believe that the approach for generating synthetic promoters that has been 
presented above should be generally applicable to prokaryotic organisms. An exciting 
question is then whether the approach could also be extended to eukaryotic systems. We 
therefore looked into the litterature on promoters for Saccharomyces cerevisiae, and 
found that the promoter of the ARG8gene is located on a relatively small piece of DNA. 
This promoter contains regulatory sequences, like the TATA box, UASgcy,, motif, and 
the argR binding site (Crabeel ef al., 1995). Based on this information we designed a 
degenerated oligonucleotide containing consensus features of the ARG8 promoter, 
regulatory motifs and randomized spacers: 


1 EcoRI UASoccuup 
CAGAATTCGTGACTCANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 


61 TATA-box A 
NNNNNNNNNNNNNNNNTA‘TAAANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 


121 TI box/argR-binding 
NCTCTTAAGTGCAAGTGACTGCGAACATTTTTTTCGTTTGTTAGAATAATTCAAGAATCG 


181 « BamHI 
CTACCAATCATGGATCCCG 
ARGBetart 


This oligonucleotide was converted to double stranded DNA and cloned in front 
of a promoter-less B-galactosidase on the vector, pYLZ-2, a shuttle vector for E. coli 
and S. cerevisiae (Hermann ef al., 1992). The actual cloning step was performed in E. 
coli, and subsequently a selection of the resulting plasmids was transformed into various 
S. cerevisiae strains for measuring the promoter activities (Jensen, 1998; Jensen and 
Piskur, manuscript in preparation). Promoters of different strength had indeed been 
generated, see figure 3. 
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Figure 2.Synthetic heat-shock regulated promoters 
(HP-series) for Lactococcus lactis. Temperature 
regulation was estimated from the activity of B- 
glucoronidase expressed from the gusA integrated in 
the attB site on the chromosome. Two synthetic 
constitutive promoters were analysed for comparison 
(CP-series). Data from P.R. Jensen (manuscript in 
preparation). 
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Figure 3. Synthetic promoters for Saccharomyces cerevisiae. Data from Jensen and Piskur 
(manuscript in preparation). 


In principle, these synthetic yeast promoters should exhibit two different regulatory 
features: the promoters should be down-regulated i) specifically by the presence of arginine 
(mediated by argR), and ii) generally by the presence of amino acids in the growth medium 
(mediated by GCN4 protein), as has been observed for the wild-type ARG8 promoter (Crabeel et 
al., 1995). In general, the promoters were found to possess the expected regulatory features. 


Experimental modulation of a particular gene using synthetic promoters. 

We have described a method that can be used for generating synthetic promoters. 
The in vivo activity of the promoters that we have generated differed over several 
logarithms of relative activity among the individual promoters, and should be suitable 
for MCA in many biological systems. 

There are at least two technically different ways by which one may implement 
the promoters, to obtain the relevant levels of expression of the studied enzyme 
(encoded by geneX). One option is to choose from a pre-made promoter library, 
promoters that result in e.g. 25%, 50%, 200% and 400% of the normal expression level 
of the enzyme. This strategy assumes that the strength of the wild-type promoter of gene 
X is already known. Otherwise a broader range of promoter activities may be more 
appropriate, or one should start with just one promoter and then measure the expression 
relative to the normal expression before choosing the rest of the promoters. 
Alternatively it may be useful to start up by cloning the wild-type promoter of gene X in 
the same vector system that was used to characterise the artificial promoters in the first 
place. In some cases it may be necessary to fine-tune the expression further or to expand 
the range of promoter activities. This strategy assumes that the relative strength of the 
individual promoters in a promoter library is independent of the context in which it is 
placed, “and it ain’t necessarily so”. Another option is to always make a brand new 
promoter library directly in front of the gene to be modulated, see figure 4. At first 
sight, this may seem quite laborious, and in some cases the strategy described above 
may indeed be the fastest. But in other cases, particularly those where an assay allows 
one to readily screen for the clones which have the appropriate expression levels, the 
construction of a new library in front of the gene may actually be much easier. In 
prokaryotic systems, it may then be helpful to place a reporter gene, such as lacZ 
encoding B-galactosidase, downstream of the gene to be modulated for monitoring the 
relative transcription through the latter gene. 
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Figure 4. Two different strategies for modulating the expression of geneX using 
synthetic promoters. The first strategy uses promoters from a pre-made library and the 
second one creates a new library in front of the geneX. 


With respect to Metabolic Optimization, the synthetic promoters have several 
advantage, compared to using the inducible systems described above. One advantage is 
that after the optimal promoter activity has been determined, the strain is in principle 


ready for use in the industrial fermentation process. Another important feature, on a 
longer time scale, is the option to simultaneously modulate, to different extent, the 
expression of several individual genes or operons located on different positions of the 
genome in the same strain. With the existing systems now available, one would then 
quickly run out of expression systems to use, but with our method, one can in principle 
continue the optimization numerous times. It may also be necessary to perform 
additional rounds of optimization of the first enzyme after a second enzyme has been 
optimized, particularly when the optimization of the second enzyme has been successful 
with respect to increasing a pathway flux. 
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INTRODUCTION 

The role of mitochondrial dysfunction in primary graft nonfunction following 
transplantation is of fundamental importance. ATP content has been well correlated 
with organ viability [1] and mitochondrial function is crucial in phosphate potential 
recovery after ischemia-reperfusion. However, it is still unclear to which extent organ 
dysfunction is linked to mitochondrial dysfunction. Furthermore, in perfused organs, no 
direct study of the effect of in situ mitochondrial permeability transition pore (MTP, see 
[2]) opening during reperfusion [3, 4] on mitochondrial function and energetic 
metabolism has been described. The aim of this work was to use cyclosporin A to 
evidence the role of MTP opening on mitochondrial dysfunction and intact organ 


capacity to maintain high ATP content, continuously assessed by 3!P-NMR on a model 
system of perfused rat liver. Mitochondrial damages occurring in perfused rat liver 
during cold ischemia, reperfusion and transition to normothermia were characterized 
using top down control analysis [5]. 


METHODS 

Perfused rat livers were submitted to different treatments modeling the 
preservation phase (hypothermic ischemia) and the subsequent reperfusion occurring 
during transplantation process, in the absence or the presence of cyclosporin A (specific 
MTP inhibitor). A cold reperfusion phase was added before normothermia in order to 
assess a possible mitochondrial dysfunction during hypothermic ischemia. After 
excision, livers were perfused 20 min with 4°C Krebs-Henseleit medium, then kept at 
4°C under ischemic conditions. After 0, 1 or 24 hours, livers were first submitted to a 
20 min reperfusion at 4°C, then 1 hour 37°C reperfusion. When added, cyclosporin A 
(0.2 4M) was present during both cold and normothermic reperfusions. Phosphorylated 
metabolites of the perfused organ were followed and quantified at all phases by 3!P- 
NMR [6] and mitochondria were isolated at key stages. Top down metabolic control 
analysis [7] was applied to the study of oxidative phosphorylation in isolated 
mitochondria as previously described [8]. 


RESULTS AND DISCUSSION 
Livers were subjected to 31P-NMR analysis all along the different protocols 
until homogeneization for mitochondrial preparation. Figure 1 presents the evolution of 


perfused liver 31P-NMR spectrum. Spectrum a was recorded during the first phase of 


18 


hypothermic perfusion (before ischemia) and used as a reference for the quantitation of 
ATP levels (NTP peak). After 24 hour hypothermic ischemia (spectrum b), no ATP was 
detectable and a huge amount of inorganic phosphate was present. The subsequent 
hypothermic reperfusion, which triggered ATP synthesis, led to a progressive increase 
in ATP content of the liver and a recovery of about 50 % (spectrum c and d). 


30 20 10 0 -10 -20  -30 


Figure 1. Typical evolution of rat liver 31P-NMR spectrum during the basic protocol of 
ischemia-reperfusion, in the absence of cyclosporin A. 


The three last spectra (e-g) illustrate the decrease in ATP content following 
normothermic reperfusion. In the experiment presented, stabilization of ATP content 
occurs at about 30 % (spectrum g). The apparent increase in the amplitude of the peak is 


misleading and is only a consequence of the effect of temperature on 31P-NMR [6]. 
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Figure 2. Evolution or rat liver ATP content during the transition to normothermia: 


Effect of cyclosporin A. 
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The effect of Cyclosporin A on the kinetics of ATP content of the liver during 
the transition to normothermia is presented in Figure 2. In the absence of Cyclosporin A 
a rapid fall in ATP was observed during normothermic transition, and a value of 
46+9% (n=3) of the initial ATP content was observed in the typical experiment 
presented here. This decline was completely prevented in the presence of 0.2 pM 
Cyclosporin A and the ATP content reached a plateau of 139 + 4% (n=3) of the initial 
value. 

In all conditions, isolated mitochondria were relatively well coupled and 
presented high values of membrane potential. No difference in proton leakage activity 
was observed between control mitochondria and mitochondria from livers submitted to 
the different protocols, indicating that membrane properties were affected neither by 
cold ischemia nor by temperature transition. Some significative modifications could 
however be noticed after normothermic reperfusion, but not after cold ischemia or 
reperfusion, even after 24 hours. A decrease in phosphorylation rate (about 25%), 
prevented by cyclosporin A, was effectively observed, but the full analysis of these data 
required the use of control analysis. 

Thus, a complete top down control analysis was carried out on mitochondria 
isolated from livers after the various treatments. Over the entire range of 
phosphorylating conditions (from state 4 to state 3), no significant difference was found 
between mitochondria from livers which did not undergo normothermic reperfusion, 
whatever the treatment. The control pattern was identical to that obtained with 
mitochondria extracted from fresh livers and can therefore be called ‘normal. 
Interestingly, a distinct control pattern was observed after normothermic reperfusion, 
whatever the length of the preceding ischemic period. This 'pathological' pattern was 
characterized almost exclusively by a decrease in the control exerted by phosphorylation 
subsystem over the fluxes through the two other subsystems (respiratory chain and 
proton leak) and the intermediate (membrane potential, Fig. 3). Figure 3 also shows that 
the ‘normal’ control pattern was observed when cyclosporin A was present during the 
normothermic transition. 


CONCLUSION 

The data presented in this paper indicate that the damaging phase for organ 
energetics during the transplantation process is the temperature transition occurring 
during the normothermic reperfusion, not the reperfusion in itself. Damages have been 
correlated with mitochondrial dysfunction, revealed by a distinct -'pathological' - control 
pattern. This ‘pathological’ pattern was characterized by a decreased response of 
oxidative phosphorylation to the cellular ATP demand and may explain the impairement 
‘of organ ATP content. In the present study, the analysis smoothed the differences 
measured by the classical parameters of oxidative phosphorylation and gave a black and 
white picture: control patterns were 'norma!' or not. The main differences in control 
pattern were observed under intermediate phosphorylating conditions, not accessible 
through classical parameters analysis, but likely to be close to in situ conditions. 

Protection by Cyclosporin A of both mitochondrial and organ dysfunctions 
implies MTP opening. It is now well established that complete MTP opening is 
responsible for a mitochondrial burst [9, 10]. In the present study, the mitochondrial 
fraction that did not undergo such an irreversible process was also damaged and 
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protected by Cyclosporin A. Thus, our results suggest a 'mild’ opening of the MTP that 
would be responsible for mitochondrial damages to the phosphorylation system, 
diagnosed by top down control analysis, and sufficient to impair organ energetics. Since 
a simple inhibition of enzymes would not modify the control pattern [8], these data 


suggest a more fundamental change in the phosphorylation system that remains to be 
investigated. 
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Figure 3. Effect of CyclosporinA on the control pattern of the phosphorylation 
subsystem over the oxidationC’, phosphorylationC,” and leak ratesC*', and 
membrane potential valueC>” 
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INTRODUCTION 
The GAL-genes encoding the enzymes responsible for the consumption of 


galactose, are subjugated glucose repression which is of major importance for the 
utilisation of galactose industrially. The GAL- 

genes in Saccharomyces cerevisiae serve as Gal**t 

one of the best studied models of genetic S&S 
regulation in eukaryotic systems, which was Galint 
extensively reviewed by Johnston and Carlson ATP 

(1992). The GAL-genes comprise both | 
regulatory and structural genes. The structural 


genes encode the enzymes responsible for the ia onrS 
uptake of extracellular galactose and CGal7p> Galop) 
subsequent conversion of intracellular 

galactose to glucose-6-phosphate, known as Glu-1P UDPGal 
the Leloir pathway (depicted in figure 1). The 
enzymes galactose permease, galactokinase, 
galactose-l-phosphate ___uridylyltransferase, Gish ee 
UDP-glucose 4-epimerase and 
phophoglucomutase are designated Gal2p, 
Gallp, Gal7p, Gall0p and  Gal5p, 
respectively. 


Figure 1 The Leloir Pathway 


In this study the concepts of Metabolic Control Analysis (MCA) [Kacser and 
Burns, 1973 and Heinrich and Rapoport, 1974] was applied in order to identify potential 
rate-controlling step(s) in the Leloir pathway. Thus, a kinetic model of the enzymes 
encoded by the structural genes was established to evaluate the control of flux at steady 
state through the pathway. The flux control coefficients were determined using an 
indirect method where the elasticity coefficients were calculated from steady state 
measurements of the intracellular pool levels, and subsequently the flux control 
coefficients were deduced by application of the flux-control summation theorem and the 
flux-control connectivity theorem. 


METHODS 

The industrial strain of Saccharomyces cerevisiae, DG1342 (Danisco Distillers, 
Copenhagen, Denmark), was grown as continuous cultivations in an MBR bioreactor 
AG Switzerland, with a working volume of 3 litre. The cultivation conditions were 
controlled by an IMCS-2000 control unit of AG Switzerland. The chemostat 
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experiments were carried out at a dilution rate of 0.1 h with a mineral medium 
according to the method of Verduyn ef al. (1990). The galactose concentration in the 
feed medium was 25 g/L for the galactose-limited chemostat, and 40 g/L for the 
nitrogen-limited chemostat. The rapid sampling technique as described by Theobald ef 
al, (1993) was applied for withdrawing samples for determination of the intracellular 
metabolite levels. The intracellular concentrations of the sugar phosphates were 
determined by the method of Smits ef al. (1998). 


RESULTS AND DISCUSSION 


Description of the kinetic model 

The system examined comprised the four reactions catalysed by Gal2p, Gallp, 
Gal7p and GallOp, and hence, the reaction catalysed by GalSp was not included in the 
kinetic model. This enabled us to deduce the flux control coefficient from the theorems 
of MCA. Leaving Gal5p out of the model seemed reasonable because glucose-1- 
phosphate, glucose-6-phosphate and fructose-6-phosphate constitute a single metabolic 
pool in which the pool can be replenished by any of the pool components, suggesting 
that GalSp is present in excess [Zubay, 1988]. Furthermore, GALS exhibits an unusually 
high basal level of expression independent of the positive transcriptional activator 
protein Gal4p [Oh and Hopper, 1990]. Thus, the reaction catalysed by Gal5p is not 
likely to present a rate-controlling step of the Leloir pathway. 

The analytical rate expression of Gal2p, Gallp, GallOp and Gal7p are depicted 
in figure 2. The reactions catalysed by Gal2p, Gallp and Gall0p were assumed to react 
according to reversible Michaelis-Menten kinetics where Keg in the kinetic expression 
designates the relation between the product and the substrate concentration at steady 
state. The two-substrate reaction catalysed by Gal7p was assumed to occur with an 
ordered single-displacement mechanism. 


C product 
C substrate - 
Keg 1 

V=V oA — eee ee 

—_ max ¥¢ = ,UDPGIu x UDPGlu Gal lP 
7 Product | substrate GallP _m Pee “3 

Csubstrate + K + Kn Cc Cc Cc C 
eq GallP “UDPGlu —UDPGlu Gall P 


Figure 2. Analytical rate expressions for Gal2p, Gallp, Gall Op (left) and Gal7p (right). 


The kinetic constants of the model are taken from Reifenberger et al. (1997) 
(Gal2p), Schell and Wilson (1977) (Gallp), Fukasawa ef al. (1980) (GallOp), and 
Segawa and Fukasawa (1979) (Gal7p). Keg in the rate expression of Gallp was 
estimated as the ratio between the cytosolic ATP and ADP level, under the assumption 
that this ratio is the same as was determined in a glucose-limited chemostat at a dilution 
rate of 0.1 h'' by Theobald er al. (1997). The binding constant of galactose-1-phosphate 
in the rate expression of Gal7p was unknown. It is most likely to be in the »M-range 
which had no impact on the MCA, so the term including K’,.p in the denominator of 
the Gal7p rate expression, was excluded. 
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Steady state levels of the intracellular metabolites. 
The intracellular pool levels of 


the metabolites of the Leloir pathway _Table 1 Intracellular pool levels 


were determined from a galactose- _Metaboliie Gal.-limited [mM] __N-limited [mM] 
rie f. 
limited and a__ nitrogen-limited Galactose 1.0 52.4 
s diluti fatecor Galactose-1P 0.082 0.947 
chemostat both with a dilution UDPGlucose 0615 yes 


0.1 h” (table 1). The intracellular level UppGalactose 
of galactose was the only component _Glucose-IP 
not determined. 


Results of the MCA 

The elasticities were calculated av, X, 
as shown in figure 3, and subsequently, & = ( ae 2.) 
the flux control coefficients were FT? pai Ale td 
determined by use of the flux-control re} 2 2 C, 1 
summation theorem and the flux-control gs 2 0 0 cs 0 
connectivity theorem, as depicted by 0 @& 2 0 C, = Jo 
matrix notation in figure 3. The indices ; 2 #) |e 0 
of the flux control coefficients (i=1,..,4) 
refer to the reactions catalysed by Figure 3 Determination of the elasticities 
Gal2p, Gallp, Gal7p and GallOp, and the flux control coefficients. 


respectively. The flux control 
coefficients are shown in figure 4 as a function of the intracellular galactose 
concentration. In the case of the galactose-limited steady state, the control of flux is 
exerted by the galactose permease at an intracellular galactose concentration below 0.35 
mM. Above this concentration, the galactokinase takes over the control of flux. Recent 
results by Teusink ef al. (1998) claim that the intracellular glucose concentration was 
less than 0.1 mM when the extracellular glucose concentration was at or below the 
affinity of the transport system. Assuming the same to be the case for galactose, the 
intracellular galactose concentration should be approximately 0.1 mM, and the control 
of flux is then mainly exerted by galactose permease. As illustrated, the intracellular 
level of galactose has a crucial effect on the control of flux according to this model. 
Physiologically intracellular galactose plays a pivotal role being the signal molecule for 
induction of the GAL-genes [Yano and Fukasawa, 1997]. 

Teusink ef al. (1998) reported in the case of a high extracellular glucose 
concentration (e.g. a nitrogen-limited steady state), that the intracellular glucose pool 
was in the range of 2-3 mM, which is much higher than in most earlier reports. If the 
intracellular galactose concentration in the nitrogen-limited steady state is in the range 
of 2-3 mM, the control of flux is only exerted by galactose permease, as seen in figure 4. 
The flux control coefficient of Gal7p (C;) is hardly zero for any of the two steady states, 
as is the case for the flux control coefficient of GallOp (C,) in both cases. Thus, the 
model described in this study states that galactose permease appears to be the rate- 
controlling step of the Leloir pathway under the physiological conditions examined. 
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Figure 4. The flux control coefficients versus the intracellular galactose concentration 
for the galactose-limited chemostat (left) and the N-limited chemostat (right). C, was 
equal to zero in both cases. 
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INTRODUCTION 

Modelling of cellular metabolism is often done as simulation of the behaviour of 
the system assuming that one knows the structure of the system, the pattern of 
influences and the quantitative strength of these influences. Another approach is the 
prediction of features of metabolic systems (e.g. the number of reactions of a pathway, 
enzyme concentrations, values of kinetic constants) as a conclusion from optimality 
principles. These optimality principles can be regarded as an expression of the 
observation that biological systems are under evolutionary pressure. Several attempts 
have been made to derive conclusions from the demand for maximal flux through a 
pathway: the prediction of optimal kinetic constants for a single enzyme or for 
successive enzymes of a linear pathway, the prediction of the distribution of a given 
amount of enzyme over a linear pathway [1], the prediction of the distribution of ATP- 
consuming and —producing reactions in an ATP-producing pathway [2]. 

Here, we use the principle that the total amount of enzyme in a cell can be 
considered as limited or even minimized [3]. This can be explained by the fact that 
cellular metabolism is characterized by the necessity of parsimony in the use of 
resources. The synthesis of enzyme in the cell costs energy and material. The capacity 
of the cell to store enzyme (i.e. protein) is limited due to osmotical reasons. 

Steady states of metabolic systems can be described in terms of metabolic 
control analysis. One can ask whether an optimized state is characterized by a special 
distribution of flux control. In unbranched chains of enzymic reactions in states of 
minimal total enzyme concentration at given flux the distribution of the flux control 
coefficients is identical to the distribution of the relative concentrations of the individual 
enzymes [1]. Reactions catalysed by those enzymes that must be present in a high 
concentration compared to the total amount of enzyme to maintain the given flux also 
exert a strong flux control and vice versa. That differs remarkably from non-optimized 
situations. 


RESULTS AND DISCUSSION 
Let us consider metabolic networks with linearity between reactions rates and 
enzyme concentrations. At fixed steady state fluxes J = v(S(E), E) with 


ovaos ov 
dJ =——_ —d E+——-dE=0 
OS GE OE Q) 


the principle of minimized total enzyme concentration can be expressed as 
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dE, +dE,+..+dE,=0 or I'dE=0. (2) 


Its application yields the following relations between optimized enzyme concentrations 
and flux control coefficients: 


CTE=E (3) 


where C represents the matrix of normalized flux control coefficients, T indicates the 
transpose and E is the vector of optimized enzyme concentrations. This distribution of 
flux control can be derived as follows. The matrix of flux control coefficients can be 
written as 


, -) 
c= Ga) 1-22( 032) N |(diag J) (4) 


>: 4 


were (diag J ) represents a square matrix containing the steady state fluxes in the main 
diagonal, @v/@S is the matrix of unscaled elasticities, and N the stoichiometric matrix. 


A 
The eigensystem of avy ov) N consists of the eigenvalues 
oS\ aS) 
A; =1, i=1,.,7 (Sa) 
A,=0,  fantlyyr (5b) 


(n is the number of independent internal metabolits, r is the number of reactions) with 
the corresponding eigenvectors 


_9¥(y av) : 
%35\Nas) os 
y,=K (6b) 


were K is the nullspace matrix of the stoichiometric matrix N. 
Let us return to the steady state condition (1). Because of the assumed linearity between 


reaction rates and enzyme concentrations the matrix dv/O9E can be expressed as 
(diag JXdiag E)'. Expression 8S/@E can be rewriten as —(NOv/d S)'Nav/dE. 
Introducing these expressions into the steady state condition (1) yields 


nov) nei J\diag E)'dE 7 
aS ) g & (7) 


av( 
as\ 


(diag JXdiag E)'d E = 


X\ 


or the fact that the vector (diag J diag E)'dE represents an eigenvector y, of 
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rs] v Oo yp 1% 
as\Nas i i =]. With 
os ( as ) N corresponding to the eigenvalue 4; =1. W1 


I"dE=1" (diag EXdiag JY" y, =0 (8) 


one can easily show the validity of equation (3) in states of mimimal total enzyme 
concentrations or, in other words, 


r 
DiC E, =F, for 1 = Lye? (9) 
jal 


\ 
For an unbranched chain this formula (3 or 9) is equivalent to the statement of 
proportionality between flux control coefficients and optimized enzyme concentrations. 
For branched systems a matching between the control coefficients and the optimized 
enzyme concentration can be concluded, too. Enzymes of reactions which excert more 
control over the fluxes in the system than others are present in a higher concentration in 
states of minimized total enzyme. 

Eqn. (3) offers a set of relations between the control coefficients in addition to 
the well-known summation and connectivity theorems. For the matrix of scaled 
elasticities € it follows from eqn. (3) under consideration of the connectivity theorem 
for systems without conservation relations (Cé = 0 ) that 


e'E=0. (10) 


For practical purposes the use of equations (3) or (10) may allow the calculation of 
control coefficients if one knows fewer elasticities than would be necessary using only 
the summation and connectivity theorems since they supply as many new relations as 
there are independent internal metabolites included in the system. 

Hitherto, optimization principles have been applied assuming that during 
evolution the cellular systems have had enough time to adopt to given conditions and 
that changes have been fixed by mutation and selection. However, it is known that 
organisms are able to change gene expression patterns remarkably with changing 
environmental conditions (e.g., in yeast cells one can observe the change of the m-RNA 
level of roughly 2000 genes during the diauxic shift switching from enzymes necessary 
for the degradation of glucose to ethanol to enzymes of the lower part of glycolysis and 
of gluconeogenesis) [4]. The distribution and the total amount of enzyme present in a 
cell are well regulated and quickly adapted to the environmental conditions. Hence, the 
enzyme distribution can be understood only in the context of genetic regulation. 


29 


References: 

[1] Heinrich, R., Klipp, E., Control analysis of unbranched enzymatic chains in states of 
maximal activity, J. theor. Biol. 182 (1996) 243-252. 

[2] Heinrich, R., Montero, F., Klipp, E., Waddell, T.G., Meléndez-Hevia, E., 
Theoretical approaches to the evolutionary optimization of glycolysis. 
Thermodynamic and kinetic constraints, Eur. J. Biochem. 243 (1997) 191-201. 

[3] Brown, G.C., Total cell protein concentration as an evolutionary constraint on the 
metabolic control distribution in cells, J. theor. Biol. 153 (1991) 195-203. 

[4] DeRisi, J.L., Iyer, V.R. & Brown, P.O., Exploring the metabolic and genetic control 
of gene expression on a genomic scale, Science, 278 (1997) 680-686. 


30 


EVOLUTIONARY IMPLICATIONS OF METABOLIC CONTROL 
ANALYSIS FOR MAXIMISATION OF RATES OF ENZYMES, 
PATHWAYS AND PHYSIOLOGICAL PROCESSES BY NATURAL 

SELECTION. 


Guy C. Brown 


Department of Biochemistry, University of Cambridge, Tennis Court Road, Cambridge 
CB2 1QW, UK. Phone: 44 1223 333342, Fax: 44 1223 333345 
e-mail: gcb@mole.bio.cam.ac.uk 


INTRODUCTION 


I am going to suggest that evolution by natural selection acts to equalise the 
control coefficients of steps within molecular, cellular and physiological processes. 
This is because a selection pressure is only felt by steps that have a significant control 
coefficient, and beneficial mutations in such steps tend to lower the control coefficient 
of that step. Further, steps which do not have a significant control coefficient over a 
selected characteristic will not feel any selection pressure, and therefore are likely to be 
subject to detrimental mutations, which will in tum tend to increase the control 
coefficient of that step. The net effect is to equalise the control coefficients of steps over 
a selected characteristic, and this has a number of implications for evolution and 
metabolic control. The analysis will be restricted to unbranched pathways. 

One important selection pressure on biochemical and physiological processes 
during evolution is to maximise the rates of these processes for a given amount of 
protein [1]. Thus, for example there may be evolutionary selection pressure to increase 
the rate of single enzymes, metabolic pathways, and physiological processes (such as 
the maximal exercise rate or growth rate) without increasing the protein levels. Each of 
these processes consists of multiple components, which may (in principle) be 
independently varied by mutation, gene expression, or physiological regulation. If the 
overall rates are to be maximised during evolution, then this must occur via changes in 
the kinetics of the component steps by mutations to genes. But as these processes 
consist of multiple steps, changes acting at different steps may not have equivalent 
effects on the overall rate, because the extent to which these different steps limit the 
overall rate may differ. That is, some of the steps may be rate limiting for the overall 
rate, in which case changing the kinetics of these steps will change the overall rate, 
whereas other steps may not be rate limiting and thus changing the rate of these steps 
will have no effect on the overall process. Thus selection pressure will be exerted 
exclusively on the step (or steps) that is rate limiting, whereas steps that are not rate 
limiting will have no selection pressure exerted on them (except for large decreases in 
rate). 

Within the theory of Metabolic Control Analysis (reviewed in [2]) the extent to 
which a step limits the steady-state rate of the overall process is quantified as a flux 
control coefficient (C). This coefficient is approximately equal to the percentage 
increase in the steady-state rate of the overall process brought about by a 1% increase in 
activity of the step. A step with a control coefficient of 1 is rate limiting, while a step 
with a control coefficient of 0 has no effect on the rate of the process. An important 
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property of these flux control coefficients is that (if the system has certain common 
properties) the sum of the control coefficients is equal to 1. Thus in an unbranched 
system if one step has a control coefficient of 1, then normally all the other steps must 
have control coefficients of 0. Also, if the system is not branched, the control 
coefficients of all components will normally lie between 0 and 1. This has further 
important implications: (a) if the system has multiple component steps, most of steps 
must have control coefficients close to 0, and (b) if the control coefficient of one step 
changes, then the control coefficient of at least one other step must change as well (if all 
the coefficients are to still sum to 1). 

We can define appropriate control coefficients for molecular [3], cellular [2], or 
physiological processes [4]. Note that if the control coefficients are defined 
appropriately then the control exerted by a rate constant over a physiological process 
may be calculated at the product of the control exerted by the rate constant over the 
molecular process (c™,K ), the control exerted by the molecular process over the 
cellular process (C°™ ), and the control exerted by the cellular process over the 
physiological process (CP»° ), i.e. cp.k =cmk x Cc,m x CP.¢ , Thus, if the individual 
molecular, cellular and physiological control coefficients are much less than one, which 
they usually will be, then in general the control exerted by a rate constant over a 
physiological process will be very small. The implication of this is that most mutations 
(natural or engineered), unless they cause a dramatic decrease in molecular rate, will 
have very little effect on physiological function. Consequently, normally there will be 
very little selection pressure on molecular steps. ; 

The flux control coefficient acts as factor relating the selection pressure exerted 
on the overall process to the selection pressure exerted on the component step. We can 
quantify the control exerted by a process over evolutionary fitness as a fitness control 
coefficient (F) defined (for example) as the percentage change in the steady-state 
population of organisms carrying the relevant gene after unit time caused by a 1% 
change in the activity of the process. Thus, if the flux control coefficient of a 


component step i over a process j is Ci.i , and the control coefficient of the process over 
fitness if Fj, then the control coefficient of the step i over fitness is given by Chix FJ. 


Because for most steps in a linear process Ci.i_ must be substantially less than one, it 
follows that the control exerted by most steps over fitness must be small. 

If evolution were to start from a system where a single step was rate limiting, 
then selection pressure would only be applied to this step to increase its rate. However, 
if the rate of this step was substantially increased, then it would no longer be rate- 
limiting (its control coefficient would decrease) because it will no longer be the slowest 
step [5,6]. And consequently some other step (or steps) must become partially rate 
limiting, and thus these steps in turn will become subject to selection pressure to 
increase their rate, which in turn will cause other steps to become partially rate limiting. 
Furthermore, steps that are not rate limiting will have no selection pressure to prevent 
them undergoing genetic drift and mutation to forms with lower rates, thus in general 
they will drift to lower rates [7]. When the rate is low enough, the step will become 
partially rate limiting and selection pressure will again be applied to increase the rate or 
prevent it falling further. Thus, during the process of evolution by natural selection toa 
higher rate there is a strong tendency for most or all steps to become partially rate 
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limiting, in fact for the control coefficients of all steps to become equal. This is because 
selection pressure is only felt by those steps that are rate limiting, and this selection 
tends to decrease the control exerted by that step and increase that of others; whereas 
steps without control have no selection pressure preventing them back mutating to lower 
rates and thus increasing their control. Thus, the process of natural selection itself 
causes an equalisation of control coefficients. However, there are other factors that may 
prevent such an equalisation. For example, changing the rate of each step is not likely 


to be equally easy; some steps will be difficult to increase the rate of whereas other steps 
will be relatively easy. 


SINGLE ENZYMES AND OTHER MOLECULAR PROCESSES 

Metabolic control analysis can be used to analyse control and rate limitation 
within molecular processes, such as single enzymes (reviewed in [3]). Catalysis of a 
reaction by an enzyme involves a cycle of component reaction steps, including binding 
of the substrates, catalysis, release of substrates, and any conformational changes 
involved. And the extent to which each step or rate constant limits the overall rate of 
the enzyme can be quantified within Molecular Control Analysis. Analysis of the 
control distribution within a number of enzymes and transporters has shown that control 
and rate limitation is generally distributed among a number of steps, rather than a single 
rate-limiting step, particularly at physiological levels of substrates and products [3]. 
The above reasoning may act as one explanation as to why the control coefficients are 
approximately equal, that is, evolution by natural selection towards higher rates tends to 
equalise the control coefficients of component steps. A control distribution where a 
single step is rate limiting may be difficult to obtain by natural selection, because once a 
step has low control over the selected function of the enzyme, then it does not feel any 
selection pressure and therefore has no pressure to preventing it back mutating to a 
lower rate, and thus gaining some level of control again. 

A number of researchers have suggested that there is an evolutionary optimum 
distribution of rate constants within an enzyme in order to obtain a maximum rate 
(reviewed in [1]). However, a set of rate constants and substrate and product 
concentrations determines a unique distribution of control coefficients of the steps or 
rate constants. Thus, a distribution of rate constants within an enzyme which is 
“optimum” from a kinetic point of view may not be feasible in terms of the mechanism 
of evolution, because, for example, it may not be possible to evolve towards a set of rate 
constants where the control coefficients of one or more rate constants or steps is very 
close to zero (because selection pressure can not be applied to steps that have zero 
control). 


METABOLIC PATHWAYS AND OTHER CELLULAR PROCESSES 
Experimental measurement of the control coefficients of enzymes and 
transporters within metabolic pathways has shown in general that many enzymes share 
the control over pathway rates, and thus most control coefficients are small (reviewed in 
[2]). One explanation of this finding may be that evolution by natural selection tends to 
equalise control coefficients for the reasons outlined above. I have also previously 
argued that there may be a tendency for the control coefficients to be proportional to the 
specific activity of the enzymes involved if there is a strong pressure to minimise total 
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protein levels in cells [8]. The relative activity of different enzymes in a pathway may 
also be varied by differential gene expression and by regulation, as well as by mutation. 
But it remains true that enzymes that have negligible control over the pathway flux will 
have no selection pressure to prevent them back mutating to lower rates, and enzymes 
that have significant control will be selected for higher rates, and therefore will in 


general lose control. 


MAXIMAL METABOLISM AND OTHER PHYSIOLOGICAL PROCESSES 

Metabolic control analysis can be applied to physiological processes using for 
example Physiological control analysis [4]. A physiological process such as maximal 
exercise or growth, involves the interaction of multiple organs and tissues, each of 
which may limit the overall rate to different extents. Tissues that are involved in the 
process but have no significant control over its rate will not feel any selection pressure 
to optimise their function with regard to that process, and therefore this function will in 
general degrade over time, due to genetic drift or selection for other functions. Those 
organs that are limiting for a selected physiological function will feel the selection 
pressure and therefore increase their rate, resulting in a decrease in their control. 

The principle of symmorphosis has been suggested explain the evolutionary 
design of physiological processes such as maximal metabolic rate [9]. According to this 
principle, the organs or component activities of a physiological process are present at a 
level or activity just sufficient to only partially limit or not limit the overall rate of 
physiological process, because this represents the most efficient design as no component 
is present in excess. Thus, for example, the lungs, heart, vascular system, and muscles 
are present at levels where no one system is in excess for maximal metabolic rate or 
exercise. This seems a reasonable principle, but we could invert this reasoning and 
suggest that none of these organs is present in excess because evolution by natural 
selection tends to equalise the control distribution for the reasons outlined above. 
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INTRODUCTION 

Metabolic control analysis (MCA) is an excellent tool to evaluate the 
distribution of metabolic flux control within biochemical pathways. With knowledge of 
the kinetics of the individual reactions in a linear pathway the elasticity coefficients can 
be calculated and thereafter the flux control coefficients (FCC) by using the summation 
and connectivity theorems (Fell and Sauro, 1985; Westerhoff and Kell, 1987). This 
approach requires detailed knowledge of the pathway biochemistry and well determined 
kinetic parameters. The penicillin biosynthetic pathway in Penicillium chrysogenum has 
been subject to several studies using MCA [Nielsen and Jergensen (1995), Pissara et all. 
(1996) and Nielsen (1997)]. In this paper the original model of Nielsen and Jergensen 
(1995) based on the kinetics of the first two reactions of the pathway is extended with 
the formation of bisACV from the pathway intermediate LLD-ACV and their parallel 
inhibition of the enzyme ACVS. 


Biosynthetic pathway 

Figure 1 depicts the first two steps of the penicillin biosynthetic pathway 
together with the formation and reduction of bisACV. The third step of the pathway (not 
depicted) is the final conversion of isopenicillin N to penicillin V catalysed by acyl- 
CoA:isopenicillin N acyltransferase (AT). In this step the a-aminoadipic acid side chain 
of isopenicillin N is exchanged with the precursor side chain phenoxyacetic acid or 
phenylacetic acid to give penicillin V or G, respectively. 

As the first intermediate LLD-ACV possesses a free cysteine thiol, it can exist 
either in a reduced monomeric form or as an oxidised dimer: the disulfide bisACV, 
which is not a substrate for IPNS. During fed-batch cultivation of a high-yielding strain 
of P. chrysogenum, ACV (determined as a total of both the oxidized and reduced form) 
has been observed to accumulate throughout the cultivation to an intracellular pool level 
of about 6 mM (Nielsen and Jorgensen, 1995). Since the purified ACVS of P. 
chrysogenum is subject to feed-back inhibition of both the reaction product LLD-ACV 
(as shown below) and bisACV (Theilgaard ef al. 1997), there is a significant inhibition 
of the first step during fed-batch cultivations. 
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Figure 1 The first two steps in the penicillin biosynthetic pathway in P. chrysogenum 
together with the formation and reduction of bisACV. 


Reduction of bisACV to LLD-ACV is catalysed by a specific thioredoxin 
reductase system (TR) which has a K,, value of 125 4M. This enzyme was purified by 
Cohen ef al. (1993) together with another very similar disulphide reductase system: the 
glutaredoxin reductase system (GR). Both systems are located in the cytoplasm and can 
partially substitute each other. Besides keeping the LLD-ACV in its reduced 

TR system is most likely supporting the B-lactam biosynthesis modulating the 
thiol-disulfide redox state of the functionally important cysteine residues in ACVS and 
IPNS (Cohen et al. 1993). 

In both prokaryotic and eucaryotic organisms the GR is thought to govern the 
general thiol-disulfide redox balance by acting on the level of glutathione, which is kept 
almost entirely in its reduced monomeric state (Kosower and Kosower 1978). In £. coli 
the ratio of GSH:GSSG is reported to be 50:1 - 200:1 (Hwang ef al. 1992). However the 
measurement of the in vivo GSH:GSSG ratio is difficult and in eucaryotic cells the 
problem of compartmentalisation is adding further complexity, and it is therefore 
difficult to draw any solid conclusions. The level of oxidative stress experienced by the 
cell will also affect the ratio as it has been reported by Emri et al. (1997). To examine 
whether the TR system together with the GR system is able to preserve the reductive 
environment during the production phase of penicillin V the ratio of ACV:bisACV has 
been measured during continuous cultivation and the result has been used to inspect the 
distribution of flux control in the penicillin biosynthetic pathway. 
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METHODS 


The high penicillin yielding strain of Penicillium chrysogenum (obtained from 
Novo Nordisk A/S, Bagsverd, Denmark) was grown as a constant-mass continuous 
cultivation in a 9 L Chemap bioreactor (Christiansen et al. 1995). To measure the 
intracellular ratio of LLD-ACV:bisACV samples were withdrawn from the culture 
medium during the period of high penicillin productivity (Theilgaard er al. 1997). To 
extract and measure the two metabolites the method of Fariss and Reed (1987) was 
adopted: 2 g of frozen mycelium was ground to a fine powder in a mortar in liquid 
nitrogen. 5 ml of 10% perchloric acid with 1 mM bathophenanthroline-disulfonic acid 
was added and ground into the mycelium. The suspension was allowed to thaw and then 
centrifuged at 15,000g for 15 min. To block the free thiol groups and perform the 
derivation of the amino groups with 1-fluoro-2,4-dinitrobenzene the procedure of Fariss 
and Reed (1987) was used. 


Kinetic model 


The in vitro activity of the AT was shown to be orders of magnitude larger than 
the activity required to maintain the flux through the pathway (Nielsen and Jorgensen, 
1995) and it was concluded that the degree of pathway control exerted by the AT could 
be neglected in MCA. The kinetics of ACVS and IPNS are as proposed by Nielsen and 
Jorgensen (1995), but the expression for the ACVS is revised to contain terms for feed- 
back inhibition of both LLD-ACV and bisACV (figure 2). The spontaneous oxidation of 
LLD-ACV to bis-ACV is assumed to follow second order kinetics with respect to LLD- 
ACV. The kinetics of the reverse reaction, i.e. the reduction of bisACV to LLD-ACV 
catalysed by the TR system, is assumed to follow Michaelis-Menten type kinetics. The 
Vmax Of the three enzyme catalysed reactions are function of various effectors which may 
include NADP(H), ATP etc. The kinetic constants necessary to calculate the elasticity 
coefficients are given in table 1. 
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Figure 2. The four kinetic expressions from which the elasticity coefficients are derived. 


Table 1. Model parameters 
Parameter | Value Reference 
Cacy (total) | 1.76mM _ — Henriksen et al. (1997) 
Cosn 4.76 mM - 


Kacy 0.54mM__ This reference 

Kauacv 1.4mM _ Theilgaard et al. (1997) 

K,, 45 uM - 

Ke 80 pM - 

Kya 80 pM - 

Kavacyv 0.13mM_ Ramos et al. (1985) 

Kicsu 8.9mM _ Nielsen and Jargensen (1995) 


Ky pisacv Cohen et al. (1993) 
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To investigate the proposed feedback 
inhibition of LLD-ACV on purified 
ACVS the standard ACVS assay 
(Theilgaard ef al. 1997) was carried 
out with addition of LLD-ACV to a 
final concentration of 0-3 mM and 
the results were depicted in a blO}=1. 1240.8 
Lineweaver-Burk plot (figure 3). The b[1]=2.094e-8 
inhibition parameter K,cy is deter- — 
mined to be 0.54 mM. The sensitivity : ’ 2 ‘ 
of the HPLC method was sufficient aay as 

for the detection of the reaction 
product LLD-ACV. The inhibition 
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Figure 3. Lineweaver-Burk plot for the determination 
of the inhibition constant of LLD-ACV on purified 
ACVS. 


Table 2. Determination of the LLD-ACV:bisACV ratio in P. chrysogenum. parameter for bi - 
The result indicated at each measurement is the average of three independent ACV was earlier 
derivations carried out with the same cell extract. determined to be 1.4 
mM (Theilgaard, ef 
al. 1997). The results 
of the extraction and 


LLD-ACV 
(rt. 20.23) 


Measurement bisACV 


(rt. 19.87 & 21.22) 


ratio 
LLD-ACV: bisACV 


SAMPLEI measurement of the 
cee arse 592.796 “1:5 LLD-ACV:bisACV 
SAMPLEII ratio in P. chrysoge- 


num are summarised 
in table 2. A LLD- 


ACV: bisACV ratio of 1:5 indicates that the intracellular reductive state is not preserved 
during the production phase of penicillin V fermentations. The ratio is used in the MCA 


based on the extended model of the first two steps of the penicillin biosynthetic 
pathway. 


Area (Vs) 137.925 


706.124 


Metabolic control analysis 


The model given in figure 1 contains 4 fluxes and two intermediate metabolites: 
LLD-ACV and bisACV. Two constrains are given at steady state: J, = J, and J; = J,. J; 
and J, are chosen as dependent fluxes. As the number of metabolites in a branched 
pathway is smaller than the number of fluxes it is necessary to add structural 
relationships to be able to calculate the FCC. Based on the equations derived by 
Stephanopoulos ef al. (1998) for branched pathways the expression given below relating 
the FCC and concentration control coefficients (CCC) with the elasticity coefficients 
and fractional fluxes is found. Here f,, and f,, specify the relative fluxes J,/J, and J,/J;, 
respectively, and with the above mentioned constraints f,, = f;,= 1: 
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The elasticity coefficients are easily derived from the kinetic expressions given 
in figure 2 and the constants in table 1, and the FCC and the CCC can then be found by 
matrix inversion. 

Due to the constraints on the fluxes the FCCs with respect to J; and J; will be 
identical with the FCCs with respect to J, and J,, respectively. In figure 4 and 5 the 
FCCs with respect to the fluxes J, (= J,) and J, (= J;) are depicted as function of different 
values of the LLD-ACV:bisACV ratio. When the pathway is extended with the 
formation of bisACV two sets of FCCs characterise the system: the oxidation/reduction 
of bis-ACV and the pathway towards IPN. As opposed to Henriksen ef al. (1997) where 
an almost equal sharing of flux control between the ACVS and IPNS was found, the 
incorporation of the bis-ACV formation almost completely shifts the flux control 
towards the ACVS reaction and it can be concluded that the LLD-ACV branch point 
must be termed as strongly rigid as the LLD-ACV:bisACV ratio only has a minor 
influence on the flux control of the pathway. Regarding the oxidation-/reduction of 
bisACV the flux control is pronounced at the IPNS when the LLD-ACV: bisACV ratio is 


below 1 as it consumes the LLD-ACV. For high levels of LLD-ACV the flux'evAtthisAcv 


mainly resides at the oxidation reaction consuming the LLD-ACV. 


0.01 0.1 1 10 
LLD-ACV/bisACV LLD-ACV/bIsACV 


Figure 4 and 5. FCCs with respect to J, (=J,) and J, (=J5) as function of the LLD- 
ACV:bisACV ratio. The total ACV concentration was 1.76 mM (Henriksen et al. 1997). 
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Metabolic Control Analysis has disproved the concept of the necessary existence 
of the rate limiting step, but leaves unanswered the question of how cells change the 
flux in metabolic pathways. We have argued [1-4] that the biochemical evidence is not 
consistent with large changes in metabolic flux resulting from control at a single site, as 
promoted by Krebs amongst others [5], instead requiring simultaneous action at several 
or many sites (multisite modulation) by analogy with the Universal Method [6]. 
Previously we have concentrated on the evidence that short term alterations in metabolic 
flux involve multiple control sites. Here we add that long-term adjustments in 
metabolic flux typically involve changes in the activity of most, if not all, the enzymes 
of the pathway. 


INTRODUCTION 

One perceived difficulty of Metabolic Control Analysis is that it is not an 
accurate predictor of the consequences of large parameter perturbations. Strictly this is 
true, but there are still lessons to be learnt about the characteristics of large flux changes 
that have been induced by different means. An example is the finite change analysis of 
Small & Kacser [5], which shows that the yield in terms of the relative increase in flux 
obtained by activating a single enzyme is poor unless its flux control coefficient is close 
to 1. 

Another area where Control Analysis illustrates the properties of control 
mechanisms concerns their relative effects on fluxes and metabolite concentrations, 
since the differences between some of the predictions and experimental observations is 
so large that they cannot be attributed to the uncertainty in extrapolating from 
infinitesimal to finite changes. For example, in muscle glycolysis, of the order of 100- 
fold stimulations of glycolytic flux have been associated with negligible changes in 
glycolytic intermediates [2,4]. If such a large change in glycolytic rate could be 
produced by activation of a single enzyme, its concentration control coefficients would 
have to be significantly smaller than its flux control coefficient. Yet it can be shown 
that this is not usually the case [2,3]: concentration control coefficients are often larger 
than the flux control coefficients, and even where mechanisms such as feedback 
inhibition make the concentration control coefficients smaller, the difference is still not 
very large. Thus despite not being able to make accurate predictions of the effects of 
large changes in phosphorylase activity in muscle, we can be certain that its activation 
on contraction cannot be a sufficient explanation of the activation of glycolysis. 


DEFINITIONS 


The flux, J, and metabolite, S, 


yj» Tesponse coefficients to an external parameter, 


4} 


such as an effector X, are: 
RY => C} ey; RY =SC'ny, (1) 
i i 


where ny is the elasticity of the step i to X. Normally these would only be valid for 
small changes, but in the case that the ny are all identical, we will have: 


Ry = ty DC} = ays RY = ay CG! => 0. (2) 


i qt 
Under these circumstances, even the effects of a large change in X are predictable 
because only the flux is affected; no metabolite concentrations change. 
Since we are interested in the relative sizes of the flux and concentration 
responses, we define the co-response of S; and J to X as: 


S, 

pt Re _ ANS; [An _ Ans; 
x RE AnX/ AnX Ans’ 

for which there are two simple cases. If X acts specifically on a single step k, then from 


(3) 


eqn. (1), Ry ad equals the ratio of the control coefficients of enzyme k, the co-response 
coefficient of enzyme k, Op .. by the original definition of Hofmeyr et al [7]. If X acts 
equally on all the steps, then eqn. (2) applies and RY 4 =, Unfortunately, if X acts on 


js S):J 
more than one step but with unequal effects, there is no simple expression for R v ‘ 
Finally, we should note that when looking at the biochemical literature, we may only be 
able to calculate a finite approximation: 

y AlnS 
SJ j 

= 4 

- AlnJ @) 


SHORT TERM CHANGES IN FLUX. 
In support of our proposal for multisite modulation, the finite change values for 


RY” for glycolytic and TCA cycle metabolites relative to flux, where 'X’ is the rest to 
exercise transition, are typically in the range between 0.02 and -0.02 even for flux 
stimulations of 100 fold [2,4]. Insulin stimulation of rat muscles gives a co-response 
value for glucose 6-phosphate to glycogen synthesis flux of 0.15 to 0.30, quoted by 
Shulman & Rothman [8] in support of their argument that the predominant role of the 
covalent modification of glycogen synthase is homeostasis of the glucose 6-phosphate 
concentrations. Similarly, in hepatocytes, a 2 fold stimulation of glycogen synthesis by 
glutamine involves no measurable change in glucose 6-phosphate [9], a co-response of 
zero. 

The significance of these small co-responses comes from the fact that in a linear 
pathway with simple kinetics, stimulation of the flux by activation of an enzyme with a 
finite control coefficient will give values for metabolite:flux co-responses greater than 1 
for downstream metabolites [2]. This too is a typical result from engineering changes in 
the amount or kinetics of a single target enzyme: the metabolite concentration effects 
are usually larger than the flux changes. Cooperativity improves homeostasis of 


J 
metabolite levels during flux changes [2,3,10,11], but can generally only reduce om 
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to 1/ny, at best, the reciprocal of the Hill coefficient for substrate or effector 
cooperativity. How the multiplicity of interactions between glycolysis and ATP 
demand might generate smaller co-responses is discussed in our poster [12]. 

Korzeniewski et al [13] used top-down analysis to study stimulation of oxidative 
phosphorylation in hepatocytes by lactate plus pyruvate or vasopressin. There was a 
discrepancy between the value expected for the co-response of the protonmotive force 
and respiration flux if either just the respiration block or just the phosphorylation block 
had been stimulated and the much smaller observed value, which they used to calculate 
a proportional activation factor that showed both blocks were near-equally stimulated. 


CHANGES IN ENZYME EXPRESSION 

There is little experimental data where the activities of all the enzymes in a 
pathway, the change in flux, and the metabolite levels are measured. Hence we have to 
rely mainly on indirect evidence. 


Strategy Relative activity as Metabolite:flux co-response 
(finite approximation) 


E2 E3A E4A ESA 
Wild type 1 1 
"Opposition" - El 


“Opposition" - E3A 


"Opposition" - El & E3A 
Evasion (Universal Method) 
"Suppression" - El 
"Suppression" - E3A 
"Suppression" - El & E3A 
"Subversion" - demand 


a er ee 08 
— & = AAA 
Oe ee ©, 


— 


Table 1. Relative changes in metabolite concentrations and fluxes in a simulated 
branched pathway on enzyme activity changes. The results are recalculated from [14]. 
The pathway has two branches each with three enzymes (3A-5A, 3B-5B); enzymes 1 
and 2 are common to both. Enzyme | is feedback inhibited by metabolite 2 and enzyme 
3A by metabolite 4A. '*' indicates that the feedback was abolished with enzyme activity 
unchanged. 


An illustration of the different consequences of various patterns of changed 
enzyme expression can be seen in the simulated results of Cornish-Bowden et al for a 
branched pathway [14] (Table 1). Only two strategies give low metabolite:flux co- 
responses: the Universal Method, as expected, and activation of demand where the 
strong feedback effects assist the flux stimulation. 

We have been measuring co-responses in the glycolytic pathway of rat 3T3 
fibroblasts on stimulation with foetal calf serum. Initially, the 2-fold stimulation of 
lactate production represents short-term changes, but by 24 hrs, enzyme induction has 
resulted in all enzymes increasing significantly (except for GAPDH). Even so, the co- 
responses seem constant throughout, and for the hexose phosphates are less than 0.4; 
indeed the co-responses for the fructose phosphates can be less than 0.1. Many of the 
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3C glycolytic metabolites show negative co-responses. 

We have previously cited lipogenesis in the obese mouse and urea synthesis in 
response to dietary nitrogen [3] as two of many examples where long term changes in 
total activity of all the enzymes of a pathway are involved in the change of flux. Toa 
first approximation, this supports the multisite modulation/Universal Method proposal 
about the way cells change flux. However, in the case of the enzymes of nucleotide 
metabolism in a hepatic cancer cell line, Weber's group [15] showed that the changes in 
enzyme activity were not uniform; although all the enzymes were affected, there was a 
gradient whereby the least active enzymes showed the largest changes and the most 
active enzymes the least. We have recently found that this seems to be a consistent 
phenomenon in over 20 other examples, comprising different pathways, tissues, 
organisms and stimuli. Thus the multisite modulation mechanism implemented in cells 
on changes in enzyme expression seems to be a modified version of the Universal 
Method. 


CONCLUSION 

The challenges in applying Control Analysis to physiologically interesting 
biochemical situations only partly come from the need to deal with large perturbations. 
Of more importance is the fact that physiological control mechanisms are truly systemic 
so that there are many contributions with a variety of mechanisms to any observed 
outcome. Because metabolic research has been guided by the opposite paradigm - the 
search for a single dominant controller - it is likely we are ignorant of some of the 
important contributing mechanisms. 
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INTRODUCTION 

Metabolic Control! Analysis (MCA) has provided a powerful tool for 
theoreticians and experimentalists alike to investigate the behaviour of metabolic 
pathways. In particular, the summation and connectivity theorems [1], and their 
methodological developments, such as the matrix method [2, 3] enable the rdles of 
individual components in the behaviour of pathways to be elucidated. However, 
newcomers to the field can, understandably, be immediately deterred by the enormous 
complexity of the expressions for control coefficients for enzymes from even relatively 
simple pathways. We have favoured the use of sensitivity analysis of control 
coefficients to identify those variables whose values are critical in determining the 
different aspects of a pathway’s behaviour [4, 5], an illustration of which we provide 
here. 

Our current interest is the homeostasis of metabolic intermediates in pathways 
undergoing flux change. We have previously described how multiple enzyme activation 
in a pathway can give rise to good metabolite homeostasis [6, 7], but an additional 
factor that must be considered is the interaction between pathway intermediates and 
members of conserved moieties such as the adenine nucleotides: changes in the 
concentrations of the latter can affect concentrations of pathways intermediates via the 
action of bimolecular reactions, such as those catalysed by kinases, as well as by 
allosteric interactions. 

We use co-response coefficients [8], which quantify the relative magnitudes of 
changes in fluxes and metabolite concentrations in response to enzyme activation(s), as 
the most direct means of studying homeostatic phenomena. Thus, if activation of an 
enzyme, £, causes simultaneous changes in a flux, J, and a metabolite concentration, M, 


good homeostasis is indicated by a large value of |O7” |, where O7™ could be positive 
or negative. Furthermore, because co-response coefficients are quotients of the relevant 
control coefficients (e.g. 07" = Cz/C/), they are amenable to the same sensitivity 
analysis. 


METHOD 

To illustrate the method, consider the pathways in Scheme 1, a representation of 
glycolysis from F6P to pyruvate, plus general cellular ATP hydrolysis (ATPase) and 
adenylate kinase (AK). ‘PGK’ is a composite step, representing the steps aldolase to 
enolase inclusive. 'F16BP’, is a composite metabolite, representing the glycolytic 
intermediates from F16BP to 2-phosphoglycerate. 
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ATPase ATPase 


ATP ADP 2 ADP 2ATP 2ADP 2 ATP 
A? tear \_. 2 ep 2 2 pyruvate 
PFK ‘PGK’ PK 


AK 
ATP + AMP ~———® 2ADP 


Scheme I 


Although the system in Scheme 1 is highly simplified, the equations for flux- 
and concentration control coefficients are nevertheless complex, involving 16 
elasticities plus ratios of the adenine nucleotide (AN) concentrations, [ATP]/[AMP] and 
[ADP]/[AMP]. For example: 


ate (ATE. cae, — ott.) oe (APE. ot Lae y 
... 2 RGR - ADP AMP AMP ATP AMP ATP eft, P 


= Erieap *€ pep * . 
Den pel FK , (es _ ADP | aK } 
ATP ADP ~“aygp °AMP 


PFK PK PGK ak ATP xx pox (ADP x AK 
Eriesp *© pep * {eras (es, = eff) + Erp { "Ene — Eapp} | + 


AMP AMP 
ATP ADP 
Wan “SHEE -(o2p (ATE ott, — ett.) + 6% (et, AZ -ott) 


where J is the flux through PK and Den is the common denominator of all control 
coefficients for the pathway [2, 3]. However, appropriate approximations to the 


elasticities and AN concentrations can be made. For initial values we chose: oe ope 
elk =5, ener — 8 ame = 34; 9 PK mg) = 0.7, 670 20.1; 8 p= 8 ai = 50,8 p= 2-2 
XE fhe = -98; EF gp. = 0, Em = 0.14, 675, = 0.14, 47 = -0.1; £4 "= 0.5, B4pp = 

0.5; [ATP]/[ADP] = 50, [ATPJ/[AMP] = 0.98-([ATP)/[ADP])’ = 2450, sian 
these values gives flux control coefficients of: C2,¢= 0.55, Cra = 0.45, Chgx = 9, 
Ci, = 0 and C’, = -0.0015. As we are interested in flux control, we shall limit further 
discussion to those steps with significant flux control coefficients, namely PFK and 
ATPase. Co-response coefficients over flux and FI6BP are: Ope”? = 0.20, Ove = - 


0.34). Thus, a small flux change brought about by a change in PFK would entail a five- 
fold greater relative increase in F16BP, whereas that brought about by changing ATPase 
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activity would give a three-fold greater relative decrease. Thus, a combination of 
activation of PFK and ATP hydrolysis could generate a flux increase with good 
homeostasis of glycolytic intermediates. 

Obviously, the use of approximate values for elasticities and AN concentrations 
could be detrimental to the accuracy of the calculated control- and co-response 
coefficients. However, one benefit of the algebraic formalism of MCA is that algebraic 
expressions can be automatically generated for the sensitivities of the coefficients with 
respect to the variables, namely OlnC/dlnv, where C is any control coefficient, and v is 
any variable defined in the matrix method equations [2, 3]. 


RESULTS 

Applying sensitivity analysis to the control coefficients for the pathway in 
Scheme | generates exact values for the sensitivities of the control coefficients, at the 
given values of the elasticities and AN concentrations used in the analysis. Again, 
restricting consideration to PFK and ATPase, only five of the variables have any 


significant influence on the values of their flux control coefficients. The relevant 


sensitivities, plus those to C Fi0?" and C“iS2" are listed in Table 1, all other sensitivities 


of Cory and Cire being at least one order of magnitude smaller than those listed. 


Table 1: Sensitivities of control coefficients to elasticities. 
ae leare eee se 
ee ee OT = 
Ee 

a7 ELA ed SL Weal 


Thus, from the complex expressions for the control coefficients, the control and 


regulatory properties in which we are interested can be considered in terms of only five 


important variables (or even three, noting that all the sensitivities to 47" and 77> are 


one to two orders of magnitude less than those toe 47", 647% ande [Fk ), 
Regarding the physiological relevance of the control coefficients and the 
sensitivities in Table 1, the following points can be deduced: 
1. The distribution of flux control depends primarily on ADP inhibition of ATPase, and 
on the activation of PFK by AMP: increase in ADP inhibition of ATPase increases 
the control on PFK (@ln Ci, /aine 7 >0 => C1, /deK <0 => 8 Chr, [lee 


> 0); increase in AMP activation of PFK increases control on ATPase (Oln C“.zpase/0 


Ine “FF, > 0). 

2. In addition to altering the relative degrees of flux control invested in PFK and 
ATPase, ADP inhibition of ATPase and AMP activation of PFK have pronounced 
effects on the homeostatic properties of the system. Stronger ADP inhibition of 
ATPase results in improved homeostasis of glycolytic metabolites in response to 
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PFK activation (AInO pix /Alne 4p" = On Copy /Alne 47" - Ain CFS? /Alne 7%" > 
0), whereas stronger activation of PFK by AMP improves the homeostasis in 


response to ATPase activation (@lnO7jp. /dlnes.%, = dln C’,,,/dlne"™*~ aln 


ATPase 
Crs” joine’ 75> Oh. 


3. Increased inhibition of ATPase by ADP, and increased activation of PFK by AMP 
have no effect on the homeostasis of glycolytic intermediates in response to 


activation of ATPase and PFK respectively (dln Cone" - dln 


ChSsF falne4ne = 0; similarly Oln Cp,p, /Olne hn, - Aln Chr” /alne “4% = 0). 

Additional results arise from this analysis. First, PFK exerts greater flux control 
than does ATPase over approximately 50% of the parameter space studied, but its 
control is sufficiently high to achieve sizeable flux increases over less than 20% of that 
space. Second, flux control by altering PFK activity results in poor glycolytic 
metabolite homeostasis over the entire parameter space studied. In contrast, over a large 
proportion of the parameter space, control by activation of ATPase can lead to large flux 
changes (i.e. high flux control) coupled with excellent glycolytic metabolite 
homeostasis, similar to that observed in working muscle. 


DISCUSSION 

The results are additional evidence of the potential for physiological ATP 
demand to exert control over glycolytic flux, but additionally show that the known 
effector interactions, in addition to their previously known role in ATP regulation [9], 
could contribute to the remarkable homeostasis of glycolytic metabolite levels observed 
in vivo. They further indicate that quantitative characterisation of likely domains of 
behaviour of metabolic systems can be achieved by an algebraic analysis that is not 
highly dependent on a full and precise knowledge of the molecular details of the 
kinetic/regulatory properties of the enzymes. 
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INTRODUCTION 

Inorganic pyrophosphatase (EC 3.6.1.1) is found nearly in all types of cells. It is 
highly specific for pyrophosphate (PP) hydrolysis. Two families of enzymes, cytosolic 
and mitochondrial are known. They have some differences in structures and functional 
properties. In this study we consider the enzyme of Eschrichia coli (E. coli). 


k., Ks ka Kia 
EM, = EM,(M,PP) =—> EM,(MP), => EM,(MP)z— EM, 
k, k, k, k, 


Figure 1. The kinetic scheme of catalytic cycle for pyrophosphatase from E. coli. The 
letters M, P and PP indicate magnesium ions, inorganic- and  pyro- phosphate, 
respectively. The number of magnesium ions (n) is equal to 1 or 2. 


The catalytic mechanism of cytosolic pyrophosphatase extracted from 
microorganisms has been studied in detail [1,2]. It is commonly accepted that the 
hydrolysis of pyrophosphate is accomplished by the direct transfer of phosphate into 
water in the presence of magnesium ions. There is no phosphorylated enzyme's 
intermediate during the process. A corresponding kinetic scheme of this reaction is 
shown on Fig.1. A particular feature of microbial pyrophosphatase is the presence of 
three or four magnesium ions surrounding PP in the active center. The synthesis and 


Table 1 The set of kinetic constants, determined for the wild type[1], and the mutant 
strain [2] of E-coli. The measurements were carried out at pH=7.2 and 20 mM of 
magnesium ions. 


wild type [mutant E20 __| 
k,,(mM"s’) 135000 49000 
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hydrolysis of PP are accompanied by the fast exchange of oxygen between water and 
phosphate molecules. Although the oxygen exchange does not play a physiological role 
this process makes it possible to determine the values of kinetic constants for the 
kinetic scheme of Fig. 1 [1,2]. 


METHODS 

The kinetic scheme on Fig.1 is nearly identical to uwni-bi mechanism, as described 
in [3], but in the pyrophosphatase reaction there is additional step of transition from 
enzyme-substrate to enzyme-product complexes. The steady state rate (V) of 
pyrophosphate hydrolysis can be expressed as: 


V=(@1/w2)-e 


Here e denotes the total enzyme concentration, and w1, m2 are functions of the rate 
constants and substrates’ concentrations, which are expressed as the following: 


ol(S,P) =A -PP-A,-P?; 
@2(S,P) = B, + B,-PP+B,-P,+B,-P,; 


A=k,-kh,-k,°k,y A=h,°h, hh; 
ky (Ky (Ag +h) + & + ky); 
1 = & (KR, (Ky +) +h, (Fy thy Pi) + By); 
ky hig (ks ths) tha hy (hy th) th & hs); 
= ey" hy * bea thy Fe) 


where S and P are pyrophosphate (PP) and inorganic phosphate (Pj) concentration 
respectively. The extent to which a step within an enzyme or a transporter limits the 
steady-state rate is quantified as a flux control coefficient of that step [4-6]. 


hy; OV 
C; = VOR, 1k Amann! 


For unbranched mechanisms the flux-control coefficient of any step can assume any 
value between 0 and 1. For any mechanism the sum of the control coefficients over all the 
steps is equal to 1 [4,5]. 


RESULTS AND DISCUSSION 

The dependencies of the flux control coefficients of individual reaction steps on 
pyrophosphate concentrations are shown in Fig.2. At fixed concentration of inorganic 
phosphate (Pj = 4 mM) and low PP concentrations the main amount of control resides 
on the binding of pyrophosphate to a free enzyme (step 1), and the other steps have 
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concentration of pyrophosphate, mM 


0 0.02 0.04 0.06 0.08 0. 


concentration of pyrophosphate, mM 


Figure 2. The dependence of flux control coefficients on pyrophosphate 
concentration for enzyme isolated from E.coli (A- wild type; B- mutant E20D). The 
concentration of inorganic phosphate is kept constant ([P,]=4 mM) The numbers on the 
plots indicate steps of the reaction as shown in Fig.1. 


a small contribution to the steady-state flux regulation. An increase in PP concentration 
brings about dramatic changes in the regulation properties of the reaction. Step 1 looses 
its flux control gradually, and the control exerted by the other steps increases. At high 
PP concentration (greater than 60 1M) the step of reversible dissociation of the second 
P; from enzyme-P; complex (step 4) has the largest control coefficient ( C}’). 
Interestingly, at low PP concentration, e.g., 0.01 mM, step 1 has the largest 
contribution to the control of pyrophosphatase flux, although the product of the second 
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order rate constant k,, and 0.01 mM of PP is much greater than any other forward rate 
constant (see Fig. 1.). Thus, the results of the present study indicate that the step having 
the fastest forward rate constant can have the largest flux control coefficient. 

The substitution of Glu20 to Asp (mutant E20D) in the active site of the 
pyrophosphatase from E. coli leads to the changes in the distribution of the flux control. 
In this mutant, the steady-state rate of PP hydrolysis is controlled mostly by step 4. Also 
the control exerted by step 2 significantly differs from that of the wild type enzyme (the 
difference is up to 450% at the low pyrophosphate concentration). Glutamic acid 20 is 
an evolutionarily conserved residue, which contributes to the structural stability of the 
quaternary structure of the enzyme. For a wild type E. coli enzyme, it was previously 
shown that conversion of PP to P; proceeds via enzyme-substrate complex that bound 
four Mg”* ions [2]. However, for mutant E20D the number of bound four Mg”* ions is 
five. The presence of five Mg” ions per the molecule of the enzyme E20D substantially 
reduces the energy barrier with respect to PP binding [2]. This suggestion is also 
supported by a marked decrease of the flux control coefficient of step 1 for the mutant 
enzyme (Fig.1). The substantial increase in the control coefficient of step 2 for low 
pyrophosphate concentrations suggests that Glu20 is essential for the transformation of 
PP into 2P; in the active site of the enzyme. This means that a point mutation alters both 
kinetic and control properties of the enzyme. 
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INTRODUCTION 

It is well known that the solving of metabolic control analysis (MCA) problem is 
the finding of flux control coefficients. The last ones can depend on several parameters 
of a metabolic system. If the classical kinetic model of a single enzyme is considered 
concentrations of substrates and products are used as parameters. This assumption leads 
to the sophisticated analysis of coefficients’ dependencies. In this case it is tempting to 
suppose that there is a universal approach for representation of modeling results. 

In the present study a way of simplification for MCA application to a single 
enzyme is described for instance of Na,K-ATPase. The sodium pump is one of the 
important membrane enzymes. It exchanges 3 endogenous sodium ions with 2 
exogenous potassium ions. The enzyme consist of a and f# subunits which form an 
octomer [1]. There are some differences in catalytic subunit’s content depending on type 
of tissue. [2,3]. These differences lead to alteration of enzyme activity but as a whole the 
mechanism of ions’ transport is the same for any kind of cells. Na,K-ATPase belongs to 
a family of P-type cation ATPase (E, -E, type). During the catalytic act the transition of 
conformation between E, and E, forms occurs. Each form can bind Na* and K* 
respectively. The binding and the following hydrolysis of ATP occur in E,Na. The 
conservative residue of Asp is phosphorylated and enzyme tums into E, conformation. 

If there is no exogenous K” situation becomes more simple [4]. Assuming the 
existence of the E, form it is supposed that this one can return to E, with or without 
previous binding of ATP to a low affinity regulatory site (Fig.1). 


k [ATP] Va aN k 
E, —— EATP : be E, 
™, A Li AATP| 


Figure 1. The scheme of Na-cycle for Na,K-ATPase. The rate constants for the enzyme 
partially purified from pig kidney are equal to [4]: k,=0,025 ms"pM"; k,=0,009 ms"; 
k,=0,199 ms"; k,=1,95e-8 ms’; k.,=0,054 ms”; k,=0,0019 ms"; k, = 6:10° ms" 2M"; 
k,=0,16 ms"; k.=0,0016 ms'uM"; k.=0,1 ms"; k,=1:10°% ms"; 


Some aspects of MCA application to Na-cycle of Na,K-ATPase have been described 
before [5]. Another part of this problem is considered in the present study. 
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METHODS 

Taking into account the scheme of sodium cycle written on Fig.2 it was easy to 
obtain an analytical function of flux for ATP hydrolysis. This function can be written by 
the following equation: 


d{ATP]_ __@([ATP]) __ 
dt = @2([ATP},[P,])’ 


wl([ATP ]) = A -LATP]+A, -[ATP}’; 
@2([ATP],[P;]) = Bo + B, -[ATP]+(B, + B, -[ATP}) -[ATP]+(B, + B, -[ATP]) -[P,}; 


A=(hg ths hes thes Bar (4s + Fes) Bee hugs A= hy hg hag hig “Regi 
By = hig *( hag + Bc) “(Aas “Aas +( 41 + ea) “(Ag + es) 

By = (dug «Bag (Ais + as) + Fes “Bea “(Arg + Aas) + Aaa “(4s + Fes) “(hag + ea) Fay 
By = (hg -(Aug “(Ag + es) + 4s “(haa + hea) + haa “(Aas + heg)) +g hey hea) ess 
By =(4g (Ay + bie) + eg (Aas + Aa) Aas Aisi 

B, =(ys- yy thy hig thy Bus thin (4g thas) hy gi 

By =(d,5 -( Ai + Bs) +45 Faz) Aa as 


Then the flux control coefficients of single steps were calculated. The control coefficient 
of a step (i) is just the percentage change in the reaction rate (V) brought about by 1% 
change in the forward (k,;) and reverse (,) rate constants of that step [6,7]. 


k,, Ol 
Vv rane 
i i: dk, k,, /k_; = const 


After calculation of the functions for coefficients a novel method of flux control 
mapping -was applied to the model. The base of this method is the following [8]. 
Consider some two parameters of the metabolic system. Then there is a two- 
dimensional space in which values of the parameters are lied on the axes. The lines of 
the fixed flux control should be depicted on the space in order to represent the 
regulation properties of the system. The set of these lines forms the flux control map for 
each step of the catalytic cycle. The obvious profit of this approach is an ability to 
analyze two dependencies at once. It should be stressed that there are a lot of reactions 
in which two general metabolites can be considered as the space parameters. 


RESULTS AND DISCUSSION 

The flux control maps for Na- cycle of Na,K-ATPase are shown in Fig.2. The 
main part of control at physiological concentration of ATP belongs to the step of 
reversible 
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Figure 2. The flux control maps for Na-cycle of Na,K-ATPase. Numbers on the plots 
indicate value of flux control lines (e.g. for STEP 4 “0.96” indicates the line on which 


C{ =0.96. The maps for steps with the control coefficients < 0.2 are not shown. 
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removing of inorganic phosphate from E2 form of enzyme. However the whole type of 
control critically depends on P; concentration. At the low P; amount the above process 
takes almost all control (~92%) of ATP hydrolysis. If the concentration of inorganic 
phosphate is high (6mM) no more than 56% of control is kept on the step 4 (see Fig.2) 
and at the same time the influence of enzyme's isomerisation without ATP hydrolysis 
(the steps 3 and 5) on the flux is increased. It is remarkable, that the flux control 
coefficients of these steps have a maximum at ATP concentration approximately 600 
iM. The extremum was found for the control coefficients of step 6 too. Furthermore, 
attention should be paid to the type of flux control maps. They also demonstrate the 
points of inflection. It means that the existence of extremum for flux control over two 
concentrations will lead to the close lines on the map for the step. 
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INTRODUCTION 

Cellular bioenergetics reflect various normal cell activities such as proliferation 
and differentiation as well as environmental stresses. The differentiation of bone- 
forming cells, osteoblasts, entails a step-wise and progressive sequence of precursor cell 
proliferation, production of an abundant extracellular matrix, and finally matrix 
mineralization [1-3]. These events are predicted to place unique and fluctuating 
demands on the energy production apparatus of the cell. Glycolysis was shown to play 
a major role in aerobic ATP production by bone cells [4-6] (as well as various other cell 
types [6-8]), while oxidative phosphorylation also occurs [9, 10]. However, very little is 
known about how the metabolic status of osteoblasts is regulated during progressive 
differentiation. 

The aim of the present study is to investigate changes in energy metabolism 
during the proliferation and differentiation of cultured osteoblasts which are induced to 
mature by the addition of ascorbic acid (AA) [1-3]. AA promotes collagen synthesis 
and is required for the differentiation of primary osteoblasts in vitro. Akaline 
phosphatase activity was measured as a standard marker of osteoblast differentiation [1- 
3]. The rates of glucose and oxygen consumption and lactate production were measured 
to provide information on the oxidative and glycolytic components of energy 
metabolism. Cellular levels of ATP were measured as an indicator of the bioenergetic 
status of the cell. 


MATERIALS AND METHODS. 

Rat calvarial osteoblast-like cells were isolated from 21-day old fetal rat calvaria 
and plated at a density 36,000 cells/cm’ as previously described [11]. Cells were 
incubated in a-MEM, supplemented with 10% serum at 5% CO, in air at 37°C for 14 
days, and media was changed every 2-3 days. After the cell layer achieved confluence 
(day 3 in culture) half of the wells were used to induce cell differentiation by the 
addition of freshly prepared ascorbic acid (50 pg/ml) and B-glycerophosphate (3 mM) to 
the culture medium [11]. Preliminary experiments demonstrated that the addition of B- 
glycerophosphate alone does not affect glycolysis or ATP levels in osteoblasts during 
14 days in culture. 

To determine cell numbers, cultures were treated sequentially with PBS, 
containing 10 mM of EGTA, 20 mM HEPES, pH 7.4 for 20 min and collagenase (572 
U/ml) for 60 min at 37°C. An equal volume of 0.25% trypsin was added to the 
collagenase and cells were incubated an additional 30 min. Detached cells were counted 
using a hemacytometer. Exclusion of 0.1 % trypan blue was used to determine cell 
viability. 


58 


13 


Concentrations of glucose and lactate were measured in media using YSI Model 
2700 Select Analyzer (Yellow Springs, Ohio). 

O, consumption was measured at 37°C using a polarographic oxygen electrode 
(Radiometer, Copenhagen) modified to provide a gas-impermeable seal of the well. 

Alkaline phosphatase activity and ATP levels were measured in the supernatant 
from 1 % Triton-X100 cell extracts that were sonicated and centrifuged at 10,000g for 3 
min. Alkaline phosphatase activity was measured spectrophotometrically by the 
hydrolysis of p-nitrophenol phosphate (Sigma, USA). ATP was measured enzymatically 
using phosphoglycerate phosphokinase assay (Sigma, USA) 

Values are expressed as mean + standard error. They were compared using 
Students t-test. 


RESULTS AND DISCUSSION 

Figure 1 shows changes in cell numbers and alkaline phosphatase activity during 
14 days of growth in culture. The most rapid proliferative phase for cells occurs prior to 
day 7. However, the rate of growth for cells induced to differentiate with AA was ~ 3 
times higher than for undifferentiated cells and the final cell density was ~ 2 times 
higher. Treatment with AA caused a progressive increase in alkaline phosphatase 
activity to levels 7-fold higher than undifferentiated cells by day 14. Thus, proliferation 
occurs during the first week (days 3-7) of culture while differentiation, as assessed by 
alkaline phosphatase activity, steadily increased throughout the 2 week culture period. 
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Figure 1. Changes in cell numbers (squares) and alkaline phosphatase activity (circle) 
during 14 days of culture. Cells treated with AA (open symbols), cells grown without 
ascorbate (closed symbols). 


The rates of glucose consumption (V(glu)) and lactate (V(glu)) production in 
immature cells transiently declined over the 14 day culture period. In contrast, cells 
treated with AA to induce differentiation showed a progressive increase in glucose 
consumption to levels 2-fold higher than immature cells on day 14. The rate of lactate 
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production by osteoblasts treated with AA transiently decreased (30 - 40%) relative to 
immature cells at 7-10 days in culture. Furthermore, the V(lac)/V(glu) ratio in 
osteoblasts treated with AA was 50-70% lower than in osteoblasts grown without AA. 
A decrease in the ratio V(lac)/V(glu) may reflect an increase in the production of 
pyruvate, which provides substrates for the Krebs cycle and oxidative phosphorylation. 

The rate of O, consumption was 3-4 fold higher in cells treated with AA than in 
immature cells between days 7-14, showing that the activity of oxidative 
phosphorylation increased as cells progressively differentiated (Table 1). The rate of 
oxygen consumption by immature cells was relatively low and did not show significant 
changes during 14 days of culture. 

In cells treated with AA, the ATP level increased after day 7 in culture and 
reached a maximum value by day 10. In cells grown without AA, the ATP level in 
osteoblasts transiently declined at day 7 then remained constant during the 14 days. 
Thus, the differentiation of osteoblasts caused as much as a 4-fold increase in the size of 
the ATP pool (corrected by cell number) relative to undifferentiated cells. 


Table 1. Changes in the rates of glucose and oxygen consumption and lactate 
production during 14 day of culture. 


AA | rate of glucose rate of V(lac)/V rate of [ATP] 
ie consumption lactate (glu) oxygen 
production ratio consumption 
ne nmoVhr 10° cells nmol O,/hr 10° | nmol/ 10° cells 
aa 


- 234 + 26 291 +15 1.24 4247 48.3 + 3.9 

- 198 + 26 249 + 33 1.26 72+ 14 38.4+3.2 
a ee 
ee - 248 +31 438 + 32 1.77 41+16 36.7+3.1 


Significantly different from untreated control *P< 0.001, **P<0.05 


These results demonstrate that significant changes in cellular energy metabolism 
occured when osteoblasts underwent the transition from an initial proliferative stage to 
progressively more mature stages of differentiation. During the first period of culture 
(day 3-7) when cells actively proliferated, the V(lac)/V(glu) ratio decreased and 
oxidative phosphorylation increased. As cells further matured (day 10-14), glycolysis 
was activated and ATP levels rose while oxidative phosphorylation did not change. 
Thus, to better understand the regulation of energy metabolism in osteoblasts, it is 
critical to take into consideration their stage of cellular differentiation. 
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INTRODUCTION 

Cellular ATP in bone-forming cells, osteoblasts, is derived from glycolysis and 
oxidative phosphorylation. The contribution of these two processes to total ATP 
production and their relationship to one another differs according to cell type and 
metabolic state. Oxidative phosphorylation provides 17 times more ATP per mole of 
glucose than anaerobic glycolysis, and it is the main energy-producing mechanism for 
many cell types [1-3]. However in a variety of cells, including cultured bone cells, 
glycolysis was shown to play a major role in aerobic ATP production [4-8]. Evidence 
for the importance of oxidative phosphorylation for osteoblasts also exists [9, 10]. To 
elucidate the importance of different pathways of energy metabolism in mature 
osteoblasts, the effects of inhibitors of glycolysis and oxidative phosphorylation on ATP 
concentration and energy metabolic fluxes were studied. We measured the rates of 
oxygen and glucose consumption and lactate production in the presence of various 
metabolic inhibitors to provide information on oxidative and glycolytic components of 
energy metabolism. Sodium fluoride was used to inhibit glycolysis, arsenic acid was 
used as an uncoupler of glycolysis [11] and KCN and NaN, were used as inhibitors of 
oxidative phosphorylation [1, 2]. 


MATERIALS AND METHODS. 

Rat calvarial osteoblast-like cells were isolated from 21-day old fetal rat calvaria 
and plated at a density 36,000 cells/cm? as previously described [12]. Cells were 
incubated in a-MEM, supplemented with 10% serum at 5% CO, at 37 C for 14 days, 
and media were changed every 2-3 days. After the cell layer achieved confluence (day 3 
in culture), incubation media were supplemented with 50 pg/ml of freshly prepared 
ascorbic acid and 3 mM of B-glycerophosphate [12]. 

Effects of inhibitors of glycolysis and oxidative phosphorylation were studied in 
mature osteoblasts on day 14. Cells were pre-incubated with medium containing one of 
the inhibitors for 1 h, then the medium was refreshed and supplemented with inhibitor, 
then measurements of glucose, lactate or O, consumption were made during 2 - 4 hr. 
After 4 h of incubation with inhibitor, cell extracts for measurements of ATP 
concentration were prepared. 

Concentrations of glucose and lactate were measured in media using YSI Model 
2700 Select Analyzer (Yellow Springs, Ohio). 

O, consumption was measured at 37 C using polarographic oxygen electrode 
(Radiometer, Copenhagen) modified to provide a gas-impermeable seal of the well. 

ATP levels were measured enzymatically by phosphoglycerate phosphokinase 
assay (Sigma, USA) in supernatants of 1 % Triton-X100 extracts that were sonicated 
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and centrifuged at 10,000g for 3 min. 
Values are expressed as mean + standard error. They were analyzed statistically 
using Students t-test. 


RESULTS 

The rate of glucose consumption (V(glu)) in mature osteoblasts is 440 + 30 
nmol/hr 10° cells, the rate of lactate production (V(lac)) is 650 + 44 nmoVhr 10° cells 
and the rate of oxygen consumption is 130 + 30 nmol O,/hr 10° cells. The level of ATP 
is 180 + 12 nmol/10° cells. 

The addition of NaF to mature osteoblasts caused a dose-dependent decrease in 
the rates of glucose consumption and lactate production (Table 1). Maximum inhibition 
was 70% at 30 mM of NaF. At concentrations of 10 mM and higher, NaF affected 
V(lac) to a greater extent than V(glu). Therefore, NaF (>10 mM) caused a decrease in 
the ratio V(lac)/V(glu). However, there were no significant changes in the rate of O, 
consumption. The ATP level in osteoblasts declined with increasing concentrations of 
NaF. 


Table 1. Effect of sodium fluoride on the energy metabolism of mature osteoblasts. 


[NaF] Rate of glucose | Rate of lactate | Rate of oxygen 
mM consumption production consumption | concentration 
% of control % of control % of control | %of control 
5 
10 


100 + 10 
79+ 13 
20 71 +25 
30 73 £27 
Significantly different from untreated controls at *P<0.001, **P<0.01 


The effects of arsenic acid on ATP, V(glu) and V(lac) are shown in Table 2. The 
addition of arsenic acid caused a dose-dependent decrease in ATP concentration. Both 
V(glu) and V(lac) increased to 150% of controls using 1 mM of arsenic acid, and 
decreased at higher concentrations of arsenic acid. The rates of glucose consumption 
and lactate production using 10 mM of arsenic acid were similar to control cells, 
although the level of ATP was 70% lower than controls. 


Table 2. Effects of arsenic acid on the energy metabolism of mature osteoblasts. 


Arsenic acid | Rate of glucose | Rate of lactate ATP 
mM consumption production concentration 
% of control % of control % of control 
1 
Z 


135 + 6** 179 + 15* 
122+9 170 + 8* 
3 97+7 121+9 

10 104+8 149 + 4* 
Significantly different from controls at *P<0.001, **P<0.01 
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Table 3. Effects of inhibitors of oxidative phosphorylation on the energy metabolism of 
mature osteoblasts. 

Inhibitor 
concentration 
mM 


Rate of lactate 
production 
% of control 


Rate of glucose 
consumption 
% of control 


Rate of oxygen 
consumption 
% of control 


ATP 
concentration 
% of control 


177215" 


2502 1 1* 48+14 
208 = I5* 260: 9* Soa Lit* 
213 +3* 286 + 10* 0* 
205 + 9* 2525" OF 


RoR 
PA fee a4 Zoo O* 91+8 


Sgiiiosty different from controls at *P<0.001, ** P<0.01 


The addition of NaN, caused a dose-dependent inhibition of O, consumption by 
osteoblasts (Table 3). Complete inhibition of O, consumption was achieved at 4 mM of 
NaN. In the presence of of NaN, (1 - 8 mM), V(glu) increased by 200% and V(lac) rose 
by 250%. V(lac)/V(glu) increased in the presence of inhibitor and reached 2 at all 
concentrations of NaN;. The cellular levels were not significantly affected after 4 hr of 
incubation with NaN. Addition of KCN (Table 3) showed similar results (increase in 


rates of glucose consumption and lactate production and absence of a significant effect 
on ATP levels). 


DISCUSSION 


Total ATP production in mature osteoblasts can be estimated from the 
assumption that anaerobic glycolysis produces 2 moles of ATP from 1 mole of glucose 
and reduction of 1 mole of O, is coupled to the production of 6 moles of ATP. 
Calculations show that the total rate of ATP production is about 900 nmol/hr 10° cells 
by glycolysis and 800 nmol/hr 10° cells by oxidative phosphorylation. Thus, glycolysis 
provides more than 50% of the energy requirements of mature osteoblasts. In addition, 
inhibition of oxidative phosphorylation by NaN, or KCN led to a rapid two-fold 
increase in the rate of glucose consumption by osteoblasts. The rate of lactate 
production increased to a greater degree, reflecting a decline in the production of 
pyruvate, which provides substrates for the Krebs cycle and oxidative phosphorylation. 
The activation of glycolysis in the presence of inhibitors of oxidative phosphorylation 
prevented a decrease in ATP level for at least 4 h. On the other hand, inhibition (or 
uncoupling) of glycolysis led to a decline in ATP levels, while the rate of oxygen 
consumption did not significantly change under these conditions. Thus, we conclude 
that although oxidative phosphorylation is an important energy source for osteoblasts, 
acute changes in the production of ATP are accomplished by the regulation of 
glycolysis while oxidative phosphorylation remains unaffected. 
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INTRODUCTION 

Trypanosoma brucei is the parasite that causes the African sleeping sickness. 
When living in the mammalian bloodstream this unicellular eukaryote depends solely on 
glycolysis for its ATP supply [1]. Its glycolysis lacks branches through which a 
substantial flux runs, such as a citric acid cycle or the synthesis of storage 
carbohydrates. Therefore, trypanosome glycolysis must be fully controlled by its own 
enzymes and transporters and, possibly, by the processes utilizing the produced ATP. 
This feature makes T. brucei an interesting model organism to study the control of 
glycolysis. 

It has been assumed that the transport of glucose into the cell is the rate-limiting 
step of trypanosome glycolysis [2-5]. However, compelling evidence has been lacking 
[6]. From a detailed kinetic model of trypanosome glycolysis we calculated that 
trypanosome glycolysis may be only one of the controlling steps [7] and furthermore, 
that the distribution of control may depend on the blood glucose concentration, which 
can vary between 4 and 8 mM. The calculated flux control coefficient of the glucose 
transporter depended strongly on the exact kinetics of the enzymes and the transporter 
itself and could therefore not be predicted reliably [7]. 

The control exerted by a glucose transporter on the glycolytic flux has not been 
determined directly in any eukaryotic cell, i.e. by varying the amount or activity of the 
transporter. In perfused rat heart the control of glucose utilization was determined 
indirectly from in vivo concentrations of glycolytic intermediates and in vitro enzyme 
kinetics. The glucose transporter (Glut4) did have substantial flux control in the absence 
of insulin, but lost control upon stimulation by this hormone [8]. Direct measurement of 
the control exerted by glucose transport is complicated by the many different glucose- 
transporter genes in most eukaryotes. Furthermore, inhibitors of glucose transport, if 
available, are often competitive and their direct effect on the transporter does not only 
depend on the extracellular glucose concentration, but also on the intracellular glucose 
concentration. Here we devise a method to deal partly with these complications. We 
have used phloretin, a competitive inhibitor of glucose transport, to measure the flux 
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control coefficient of the glucose transporter in bloodstream form T. brucei. A method 
was developed to deal with the influence of intracellular glucose on the transport 
kinetics. 


MATERIALS AND METHODS 

T. brucei strain 427 was isolated from a male Wistar rat four days after infection. 
All measurements were performed at 37 °C under aerobic conditions. Oxygen 
consumption was measured by using a Clark type electrode. The rate of zero-frans 
influx of D-[U-'*C] glucose was measured by a filtration technique, modified from a 
method to measure glucose uptake in S. cerevisiae [11]. Phloretin (3-[4- 
hydroxyphenyl]-1-[2,4,6-trihydroxypheny]]-1-propanone) was from SIGMA. 


The flux control coefficient C/ of the glucose transporter is defined by: 


transport 
c/ _ (adlnJ/ dp),, 


transport ~ 


0 In Viransport / Op 


in which J denotes the steady-state flux, p a parameter that specifically affects the 
glucose transporter (phloretin) and 
Viransport the rate of glucose 
transport. The subscript ss indicates 
that the effect of phloretin on the flux 
was measured after relaxation to a 
new steady state. The effect of 
phloretin on the transport rate was 
determined at a constant 
concentration of intracellular glucose. 
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RESULTS AND DISCUSSION a ae 

The rate of glucose transport eye 
was modulated by titrating with the 
inhibitor phloretin. Bloodstream form 
T. brucei oxidizes the NADH 
generated in glycolysis via a 
mitochondrial glycerol 3-phosphate : 
dihydroxyacetone phosphate shuttle 
with the concomitant utilization of 
one oxygen molecule per glucose. 
Therefore, the oxygen consumption 
flux was taken as a measure of the 
glycolytic flux. The effect of 
phloretin on the transporter itself was determined by measuring the uptake of 
radiolabelled glucose over 5 s. 

How should we deal with the competitiveness of the inhibitor? In a first 
approximation intracellular glucose was neglected and the flux control coefficient was 
determined from a plot of the glycolytic flux against the rate of zero-trans uptake of 
glucose (Fig. 1). At 0.5 mM glucose the transporter had a control coefficient of 1.2, but 
at 5 mM glucose (the most common blood glucose concentration) only 0.4. 


Figure 1 At 0.5 mM glucose (dashed line) the 
flux was much more sensitive to inhibition of 
glucose transport than at 5 mM glucose (full 
line). The effect of intracellular glucose on 
glucose uptake rate was neglected. The lines 
represent the tangents to the data points, 
obtained by linear regression through the linear 
part of the dataset. 
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In a second approximation the effect 
of intracellular glucose was included in the 
analysis. Glucose transport into 
trypanosomes occurs via facilitated diffusion 
[12, 13]. This process can be described by a 
4-state model [14]. The trypanosome 
glucose transporter is almost symmetrical, 
implying that the Vay for influx and efflux 
are almost identical, as are the Kyy’s [3, 6]. 
Since phloretin binds to the transporter on 
the outside [15] it breaks the symmetry (Fig. 
2). The reaction scheme of Fig. 2 yields the 
following overall rate equation: 


vie 7 Slow _ Me . {Slin 

y= Nn out min 
1, Slew, Sl, 5. Sle , Sli 
| an Karin | as 


in which the factor « was 0.75 [6] and VZ_. 
and Km out were measured. In the following 
it will be assumed that the carrier is 


symmetrical, ie. VJ, =V",, and Ky, out 
= Kym in. 


[GleJoue; = Kj2/Kjy Cla 
glucose transport 
(mM) 
0.5 | 1.2 
0.5 100 1.2 
5 l 0.40 
5 100 0:51 


Table 1 The ratio Kj2/Kj]7 was varied 
and the effect of phloretin on the 
transport rate was calculated at the 
measured intracellular glucose 
concentration (0.04 mM at 0.5 mM 
outside and 0.4 mM at 5 mM outside 
[4]). Together with the measured effect 
of phloretin on the flux these’ data 
yielded the control coefficients. If 
Kj2/Kj7 was increased further, the 
results were identical. 


By using the King-Altman method [16] it was derived that an inhibitor binding 
on the outside could affect all kinetic parameters in this equation, except the forward 
Vmax (Bakker et al., manuscript in preparation). Of two inhibition constants, only one 
(Kjz) had been measured in the zero-trans-uptake experiment. Consequently, the other 
(Kj2) had to be estimated. For a symmetrical carrier the ratio Kj2/Kj7 can assume any 


Figure 2 The mechanism of facilitated diffusion of glucose 
into cells. The transporter (T) can bind the substrate glucose (S) 
either on the inside or on the outside. The inhibitor phloretin (1) 
competes with glucose only on the outside. 
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value between 0.5 and infinity. Luckily however, the effect of this uncertainty on the 
calculated flux control coefficient was relatively small. Table 1 lists the flux control 
coefficients, when the measured intracellular glucose concentration was taken into 
account, for two extreme values of Kjp. Irrespective of the assumptions, glucose 
transport exerted only part of the control at 5 mM glucose. Since the sum of all flux 
control coefficients should be 1, it follows that other steps also have some control under 
physiological conditions. When the glucose concentration was decreased, the transporter 
assumed all flux control (Table 1), in agreement with previous model calculations. The 
finding that the flux control coefficient exceeded 1 under these conditions, may well be 
due to experimental error. These results prove that glucose transport is not the rate- 
limiting step of trypanosome glycolysis. 

We here showed that competitive inhibitors can be used to determine to which 
extent a step in a metabolic pathway controls the flux. It is required then that some 
kinetic information is available and that the implications of uncertainties in kinetic 
parameters are examined. 

One of the applications of this study is to identify promising targets for 
antitrypanosomal drugs. Since glucose transport exerts part of the flux control in the 
parasite, it should be an effective target. The perspectives for optimization of drug 
selectivity will, in part, depend on the flux control exerted by glucose transporters in the 
different tissues of the mammalian host. 
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INTRODUCTION 

In the last decades a variety of metabolic oscillations was discovered in various 
cell types. One of the best studied examples is that of glycolytic oscillations, occuring 
for instance in yeast cell suspensions as well as in cell extracts, muscle and heart cells. 
The underlying mechanism of this behaviour was clarified experimentally and in 
mathematical models. 

In yeast cell suspensions it has been shown that the oscillating cells interact via 
an exchange of metabolites. To study the effects of intercellular interactions on the 
dynamical behaviour of whole suspension we analyzed a minimal model [1, 2]. Each 
cell contains a two-variable system with a simple feedback mechanism giving rise to 
oscillations for suitable sets of parameter. The interaction is mediated via the diffusion 
of a cellular metabolite. The resulting dynamics of the cell suspension depends on the 
kinetic parameters and is determined either by a stable steady state or by a limit cycle. 
Moreover, we found different types of limit cycles, leading to synchronous or 
asynchronous oscillations of the cells. We showed, that the existence of regular 
asynchronous oscillations could explain experimental results concerning glycolytic 
oscillations in yeast cell suspensions. In particular, in the asynchronous states the 
individual cells oscillate out of phase whereas the external concentration of the coupling 
substance oscillates only slightly. In this way cellular oscillations may remain 
unobservable by studying only mean concentration values of the whole suspension 
(hidden oscillations). We could demonstrate that one and the same coupling substance 
(for example acetaldehyde [3, 4]) may act as a ‘synchronizer’ as well as 'desynchronizer 
of the oscillations depending on the kinetic parameters. ; 

The question arises, whether regular asynchronous oscillations may occur in 
glycolytic oscillations in yeast cell populations, or whether this is a special characteristic 
of the simple two-component model. We therefore extend the model describing the 
glycolytic pathway by a detailed multi-variate system. 


THE MODEL en citn ate 

We consider the anaerobic energy metabolism in yeast. In this case respiration Is 
inhibited and alcoholic fermentation takes place.The reaction scheme for a single cell is 
presented in Fig. 1. It contains the main reactions of glycolysis and adjacent reactions 
producing ethanol and glycerol. 
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Figure 1. Reaction scheme for a single cell. Flux Jg: input of glucose, reaction 1: 
lumped reactions of hexokinase, phosphoglucoisomerase and phosphofructokinase, 
reaction 2: glycerinaldehyde-3P-dehydrogenase reaction, reaction 3: lumped reactions of 
phosphoglycerate-kinase, phosphoglucoisomerase, enolase and pyruvate-kinase, 
reaction 4: alcoholdehydrogenase-reaction, reaction 5: nonglycolytic ATP-consumption, 
reaction 6: glycerol-formation from triosephosphates, reaction 7: degradation of the 
coupling substance in the extracellular medium, flux J: transmembrane flux of the 
coupling substance. V, Vg: cellular and extracellular volume. 
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According to the fact that several reactions are lumped and others are omitted, 
some variables represent pools of metabolites rather than single intermediates. In detail 
the variables denote the concentrations of the following compounds: S; - glucose, S» - 
pool of triosephosphates glyceraldehyd-3-phosphate (GAP) and 
dihydroxyacetonphosphate (DHAP), S3 - 1.3-biphosphoglycerate (1.3-DPG), S4 - pool 
of pyruvate (Pyr) and acetaldehyde (AA), Si - Sq in the extracellular solution, A» - 


ADP, A3 - ATP, N; - NAD" and N» - NADH. The assumption that the pool of 
pyruvate and acetaldehyde mediates the coupling between the cells corresponds to the 
experimental results of Richard et al. [4]. The arrows with the broken lines in reactions 
1 and 3 indicate that in these lumped reactions two molecules of adeninnucleotides are 
converted corresponding to the overall stoichiometry in the upper and lower part of 
glycolysis. In reaction 1 two molecules triosephosphates are produced per molecule 
hexosephosphate. Reaction 7 was included to cope with the experimental situation 
where the inhibitor of the respiraory chain cyanide reacts with acetaldehyde. 

For the mathematical description all reactions and the input flux of glucose are 
considered to be irreversible and simple rate laws are used. The activities of the 
enzymes are described by linear and bilinear functions of their substrate concentrations. 
An exception is the HK-PFK-reaction, which is described by the rate equation 


v, =k,S,4, f(A,). The factor f (4,)=[1+(4, rad characterizes the substrate 
inhibition of PFK by ATP, where K; and n denote the inhibition constant and the 
cooperativity coefficient of that regulation, respectively. 

For the fluxes in and out of the cell we use Jp = const and J =x(S, - Sy ). The 
kinetic constant « (coupling strength) is related to the permeability P of the membrane 
to the coupling substance, to the membrane surface 4g, and to the cellular volume V as 
K= Ag P / V. 

The reaction scheme of Fig. 1 is used for all cells in the suspension. Moreover, 
the cells are considered to be identical with respect to the kinetic parameters and the 
input flux Jo. Taking into account N = NM, +N» as well as A= A) + 43 as conserved 
moieties the differential equation system has 6 variables per cell and | variable for the 
external concentration of the coupling metabolite. 


RESULTS AND DISCUSSION 

The model for the single cell situation shows a steady state in a realistic range of 
the metabolite concentrations. This state may be stable or unstable depending on the 
kinetic parameters. Using the degradation rate constant k7 as bifurcation parameter one 
observes for small values of k7 a stable stationary state which becomes unstable via a 
subcritical Hopf-bifurcation. This may lead to the coexistence of a stable limit cycle, an 
unstable limit cycle and a stable steady state in a certain range of parameters. 

In the case of two interacting cells the stability of the steady state can be 
analyzed by introducing mean values and differences of corresponding metabolite 
concentrations in both cells as new system variables. Analogous to the previous system 
one may factorize the characteristic polynomial of the multivariate model into two parts. 
This gives rise to two lines of Hopf-bifurcations H,y, and Has, keeping or destroying 
the symmetry of the steady state. In the present system the situation is complicated by 
the fact, that both Hopf-bifurcations are subcritical. This has the effect, that the 
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parameters where limit cycles emerge are located within the region of stable steady 
states. These critical parameter points are determined by saddle-node-bifurcations. The 
situation is represented in Fig. 2 showing bifurcation lines in the k7-Jg-parameter plane. 
The corresponding calculations have been performed by the software package AUTO 
[5]. At increasing values of ky the stable steady state becomes unstable at the line H,yp. 
The bifurcation line Hg, lies in the region of instability. T,,, and T,, denote saddle- 
node bifurcations leading to synchronous and regular asynchronous oscillations of the 
cells. For a given parameter only one of these oscillations is stable. This means, for the 
set of parameters in Fig. 2, that for Jp < 4.76 synchronous oscillations occur, whereas 
for 4.76 <Jg <5.0 regular asynchronous oscillations arise. 


0 1 2 3 ky 4 


Figure 2. Bifurcation lines in the k7-Jo-parameter plane for two interacting cells. Hyyn 
and H,, denote the lines of Hopf bifurcation, keeping or destroying the symmetry of the 
steady state, respectively. Ty, and Ty, are the saddle-node bifurcations of the limit 


cycle, leading to synchronous or regular asynchronous oscillations of the cells, 
respectively. 


We conclude that not only for the simple two-component system studied in [2] 
but also in the present multivariable system synchronous as well as regular 
asynchronous oscillations occur. A third kind of limit cycles (not shown here) originate 
via a higher bifurcation of limit cycles. On these limit cycles the metabolites of one cell 
oscillates much stronger than that of the other cell. 

The model predicts, in accordance with the experimental data, (1) upper and 
lower limits for the input flux and (2) a lower limit for the degradation rate constant k7 
for the occurence of oscillations (see Fig. 2). 
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SUMMARY 

A central quantity for calculating control coefficients is the Jacobian H for the 
pathway. For a simple metabolic chain, H is tridiagonal. Its inverse H', which is 
required to calculate control coefficients, is semi-separable. A semi-separable nxn 
matrix (qj) has the characteristic property that it is decomposable into two triangles for 
each of which there are vectors r = (rj,...,%) and f = (f,,....f%) with ajj = rjtj. Owing to 
the semi-separability of H"™, the determinants of all 2x2 sub-matrices of elements 
located within one of the triangles are zero. The flux control coefficient matrix C’ is 
separable and the concentration control coefficient matrix C* is semi-separable. C* has 
in addition the peculiarity that the row vector is the same for both its upper and lower 
triangle. A feedback loop gives rise to a new sub-region of vanishing 2-minors, thereby 
disturbing the semi-separability of the upper triangle of C*. The notion of (semi- 
)separability allows assessment of all mutual dependences of control coefficients for 
metabolic pathways. 

The separability of CS and C’ gives rise to certain invariance properties of the 
ratios of control coefficients that can be expressed as relations among co-response 
coefficients. The concept of monovalent functional units seems to be related to the 
separability properties of C* and C’, and also the combinatorial rules for selecting the 
right modulations originate from the fact that these matrices are separable. Thus, 
interdependence of control coefficients has its mathematical basis in the notion of (semi- 
)separability of the control coefficient matrices and can be expressed alternatively as 


superimposability of co-response profiles, as combinatorial rules, or as monovalent 
functional units. 


INTRODUCTION 

Recently designed approaches in metabolic control analysis allow the 
determination of the complete enzyme kinetics of metabolic pathways under in-vivo 
conditions. These methods require certain (Giersch, 1994) or all (Hofmeyr et al., 1993) 
of the pathway enzymes to be modulated in their activities. In the course developing the 
approaches it has been noted that modulations can be dependent or independent of each 
other, and that determination of elasticities requires the modulations to be independent 
(Giersch & Comish-Bowden, 1996). These authors defined combinatorial rules to 
identify such sets of independent modulations. On the other hand, the mutual 
dependences of modulations can be interpreted as an invariance property of the meta- 
bolic system. Related to this latter view is the notion of superimposability of co- 
response profiles (Comish-Bowden & Hofmeyr, 1994). Rohwer et al. (1996) formalized 
and extended the concept of superimposability by defining monovalent functional units. 
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Such an unit is characterized as a subsystem of the pathway reactions with the property 
that the co-response of two control coefficients outside the subsystem to a perturbation 
of a subsystem reaction does not depend on which of the subsystem reactions is 
modulated. 

From early stages of the work it was evident that the three concepts 
(superimposability of co-response profiles, monovalent functional units, combinatorial 
rules) are somehow interrelated: The combinatorial rules are based on the independence 
of modulations, while the other two approaches are centered around the complementary 
aspect of mutually dependent modulations. Likewise, it was clear that there was no 
direct correspondence between the approaches, as the combinatorial rules consider 
independence also of more than two reactions, while the concept of co-response profiles 
is restricted to the ratio of two quantities. It was noted that the definition of the 
monovalent functional units involves variables not located within the unit so that the 
size of the "unit" can depend on outside quantities. 

In this contribution it is shown that there is a common basis of these three 
concepts. The common basis is that the inverse H” of the system’s Jacobian H has a 
certain pattern of linearly dependent rows or columns which to mathematicians is 
known as "semi-separability" of H™. Also the control coefficient matrices C° and C’ are 
semi-separable and separable, respectively, and the (semi-)separability can be expressed 
alternatively as superimposability of co-response profiles or as combinatorial rules. 


RESULTS AND DISCUSSION 


(a) Jacobi matrix H of the simple chain, and its inverse H™ 

A quantity central to the analysis of metabolic systems is the Jacobian H = 
N(@v/ax), since determining control coefficients requires calculation the inverse of H 
(Heinrich & Schuster, 1996). For the simple chain, H is tridiagonal: only entries to the 
principal diagonal and the adjacent diagonals are non-zero, and for a tridiagonal H one 
might be inclined to expect some regular pattern also for H’. This is indeed the case: H 
is "semi-separable", that is, H' can be decomposed in two triangular matrices for each 
of which the elements can be written as the product of a row vector and a column 
vector: for matrix H? = (hij) there are four -tuples qj, rj, 5j, Tj, i= 1, with Qi j = SiTj 
and 


hep sits 
= 

Y (sep itizy 

A theorem holds that a semi-separable matrix is the inverse of a tridiagonal matrix, and 
that a tridiagonal matrix is the inverse of a semi-separable matrix (Ikebe, 1979). Also 
the nx(m+1) matrix CS of concentration control coefficients, although not semi-separable 
sensu stricto, is denoted here as semi-separable to indicate that it exhibits two triangular 
regions of vanishing 2-minors [see eqn (1) below]. 


(b) Concentration control coefficients — : 
The concentration control coefficient matrix C* is given by C° = -H'N = 
-[N(@v/ax)]'N. If both N and av/ax were invertible (which they are not), we would have 
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CS = - (@v/ax)'. Following this notion, attempts are made to represent N and 6v/@x as 
modifications of invertible matrices, and to express the inverse of the product N(@v/dx) 
as the product of the inverses of these modified matrices (Elsner & Giersch 1998): The 
stoichiometry matrix N is written as a column vector attached to a square matrix N, the 
elasticity matrix @v/Ax is decomposed into a row vector and a square matrix B. The 


matrix CS can then be expressed by essentially N, N’ and B”. The calculation reveals 
that C* is semi-separable and that one and the same row vector defines both the upper 
and lower triangle of C’. This corresponds to 7; = 7j, i = 1,..,m, in the above definition of 
semi-separability. Thus, if we denote this row vector as ¢ = (¢),..,Cy), there are numbers 
tj and uj, i= 1,..., and a number d so that 


{te mc, ue, « mc, md ) 
ic; tC, We, - we, td 
C=! : : (1) 
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This representation has the invaluable advantage that it provides all the information on 
mutual dependences of concentration control coefficients. Thus it is evident from (1) 
that the determinants of all 2x2 submatrices located completely within one of the 
triangles are zero. Moreover, since the rows for both triangles are defined by vector c, 
also some of the 2-minors with elements from different triangles are zero [for instance, 
(u2¢3)(tnCn ) - (tn¢3)(u,Cn) = 0]. Such minors vanish if both rows of the 2x2 submatrix in 
question are completely located on one side of the diagonal of C*. Representation (1) 
contains the complete information on the positions of vanishing 2-minors in C’. The 
flux control coefficient matrix C’ is not only semi-separable but even separable (Elsner 
& Giersch, 1998) 

A vanishing 2-minor in (1) means that two co-response coefficients (Hofmeyr et 
al., 1993) are equal. Thus, the regions of vanishing 2-minors can be translated into lists 
of co-response coefficients that all have the same value. Since c’ (control coefficient 


of metabolite S, towards reaction vp) is the element in row r, column p of CS, it follows 
from eqn (1) that, for example, C}'C3? # C#C$", or that 
C3Cy = CeCe or C3 /C =Ce/CP , 

which in terms of co-response coefficients means O$'*? = O*'* , In other words, the ratio 

c*/c%: does not depend on whether it is expressed by modulating reaction 3 or 
reaction n. Independence of the ratio of two control coefficients from the reaction [i.e., 
from the column nuber in eqn (1)] has been termed superimposability of co-response 
profiles (Cornish-Bowden & Hofmeyr, 1994), and from eqn (1) it is evident that the 
ratios of control coefficients in any two rows within a region of vanishing 2-minors are 
superimposable. Also superimposable are the ratios of control coefficients in any two 


columns within the regions, which means for instance that the ratio C,/C, is the same 
whether it refers to S, and §,. 
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c) Determination of elasticities and the minor structure of H:! 

Elasticities @v/AS can be determined by means of modulating individual 
independent reactions (Giersch, 1994). The following system of linear equations allows 
calculation of the elasticities (Giersch & Cornish-Bowden, 1996): 


(2) (2) (a3) : 
Op) \o& Op), 
where p is a vector of specific parameters P,, and OS/dp and @J/ap are matrices of the 
dependence on p of steady state metabolite concentrations S and flux rate J, 
respectively. The elements of these two matrices can be determined experimentally. The 
question marks preceding and following OJ/Op indicate that the elements on the 
principal diagonal of 0J/dp may be unknown, since the extent to which a modulation 
perturbes a reaction rate has not to be kown. The relation between eqns (2) and (1) 
comes from the fact that the matrix dS/dp has exactly the same structure of vanishing 
(and non-vanishing) 2-minors as the matrix CS of concentration control coefficients [see 
eqn (5) in Giersch & Cornish-Bowden (1996)]. 

The combinatorial rules to identify minimal sets of independent modulations are 
derived by solving the linear system of eqn (2) for the unknown elasticities. (@S/ép)" has 
the role of contributing non-vanishing minors (that is, non-singular sub-determinants) 
that will allow the calculation of the elasticities. Thus, the minor structure (or semi- 
separability) of C® is the basis also for the combinatorial rules. For a given reaction, the 
algorithm of eqn (2) transforms the two-dimensional minor structure of dS/ép into a 
one-dimensional pattern, namely that of the individual pathway reactions (Giersch, 
1997). Therefore, the combinatorial rules can be formulated with reference to the one- 
dimensional pathway. To derive them, one needs to know (i) the positions of non-zero 
elements in 6v/OS and (ii) the minor structur of 8S/@p or CS. 

The concept of monofunctional units (Rohwer et al., 1996) is related to that of 
Superimposability of co-response profiles. Rohwer and coworkers attempted to 
decompose a given pathway into subsystems in such a way that the co-response of two 
variables outside a given subsystem to a modulation of a subsystem reaction does not 
depend on which subsystem reaction is modulated. It is tempting to identity the 
subsystems with the independent regions of C’. However, if this identification is made, 
the sizes and numbers of "units" depends on the variables outside the units, and, 
conversely, given reactions constitute a "unit" for certain variables but not for others. 
Thus the possibility cannot be excluded that the concept of monovalent units somehow 
tacitly implies the unjustified assumption that there is a one to one correspondence 
between the two-dimensional pattern of vanishing 2-minors of C* and the one- 
dimensional metabolic pathway. ; ; 

The separability analysis is not restricted to the simple metabolic chain. 
Regulatory loops cause the column vector for the semi-separable matrix to be disturbed, 
thereby giving rise to additional independent triangular regions within matrix CS (Elsner 
& Giersch, 1998). For more complex pathways, there will be more than two 
independent regions of vanishing minors, and with the appearance of branches and 
additional regulatory loops the sizes of the regions will diminish and the complementary 
regions of independent elements will grow. It is evident that the notion of (semi- 
)separability and the mathematical method to calculate the separability properties 


, (2) 
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dramatically simplify the analysis of metabolic systems with respect to the mutual 
dependences of control coefficients and of modulations of pathway reactions. 
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INTRODUCTION: Regulation and control in the respiratory cascade 

<* Metabolic rate is regulated by a hierarchy of behavioural, physiological and 
biochemical mechanisms in the dynamic range between minimum and maximum 
activity of an organism. Such regulation operates at time scales as low as seconds, e.g. 
in test-work transitions of muscle. Biochemical regulation of metabolic flux represents a 
classical topic of enzyme kinetics, relating to down-regulation of key enzymes in 
metabolic pathways (e.g. [1]) and up-regulation of enzyme cascades. On the other hand, 
control of metabolic capacity for maximum flux is distributed over a large number of 
steps, as Studied with the tool of flux control analysis [2,3]. Enzyme capacities and 
distribution of control change over the life span during development and ageing, by 
acclimation and pathological defects. Biochemical adaptations yield distinct metabolic 
Strategies under selective pressure over evolutionary time [4]. 

Evolutionary optimisation of organismic form and function results in matched 
Capacities for oxygen supply to mitochondria in the respiratory cascade and respiratory 
Capacity of mitochondria, as summarised by the concept of symmorphosis [5,6] (Fig. 1). 
With the exception of excessive lung structure, such close matching is actually observed 
[6,7]. In the mitochondrial respiratory chain, however, cytochrome c oxidase appears to 
be expressed in excess over the capacity for mitochondrial oxygen flux [7-10]. Here we 
report results on oxygen kinetics in isolated mitochondria and cytochrome c oxidase, (i) 
providing a new perspective on the respiratory cascade and symmorphosis by relating 
mitochondrial oxygen affinity to intracellular oxygen pressure, and (ii) proposing a 
functional tole of excess capacity of cytochrome c oxidase in terms of “synkinetic” 
regulation of high mitochondrial oxygen affinity. 


Figure 1. The respiratory cascade with critical steps for the control of 
oxygen flux. (1) Ventilation by the lung from atmospheric oxygen 
supply, (2) oxygen diffusion to the blood, (3) circulation of 
haemoglobin through the cardiovascular system, (4) oxygen diffusion 
to mitochondria, (5) mitochondrial oxygen consumption (after Ref. 
[6]). Mitochondrial oxygen kinetics yields a new perspective on 
respiratory control [10]: High intracellular oxygen pressure, PO,/Ps 
>>10 indicates that oxygen supply (1-4) exceeds mitochondrial 
capacity (5) and the mitochondrial flux control coefficient is high in the 
respiratory cascade. At low PO,/Pso < 1, mitochondrial capacity is in 
excess and the mitochondrial flux control coefficient is close to zero. 
Intracellular PO,/Ps0 ratios = 5-10 indicate matching of capacities of 
mitochondria (5) and oxygen supply (1-4), consistent with 
symmorphosis, at a fairly low but non-zero flux control coefficient of 
mitochondria in the respiratory cascade. 


MATERIALS AND METHODS 

We studied oxygen kinetics of mitochondria isolated from rat heart and liver with 
the OROBOROS Oxygraph and DATLAB software (OROBOROS, Innsbruck, Austria) 
[10,11]. The incubation medium contained 200 mM sucrose, 20 mM HEPES, 0.5 mM 
EGTA, | g/l bovine serum albumin (essentially fatty acid free), 3 mM MgCl, 20 mM 
taurine and 10 mM KH,PO,, osmolarity ~300 mosm, pH 7.1 at 30 °C. 10 mM succinate 
was added for measurement of flux through the respiratory chain in the presence of 0.5 
uM rotenone. For measurement of cytochrome c oxidase, 0.5 mM TMPD and 2 or 5 
mM ascorbate were added in the presence of 2.5 .M antimycin A. Active or state 3 
respiration was studied at 1 mM Mg-ATP and 1 mM Mg-ADP. ADP but not ATP was 
excluded for state 4. Instrumental background [11] and oxygen flux due to auto- 
oxidation of TMPD and ascorbate [12] were determined as a function of oxygen 
concentration and subtracted from total volume-specific oxygen flux. 


RESULTS AND DISCUSSION 


Mitochondrial oxygen kinetics and the organismic respiratory cascade: 
Symmorphosis ‘ 


Mitochondrial oxygen flux, Jo,» was a hyperbolic function of oxygen pressure, 

PQ, in the relevant oxygen range <1.1 kPa [11], 

Jo, ” Po, !Pso 

Jinx 1+ Po,/Pso 
The PO, at 50% of oxygen-saturated flux, pso, was 0.035 and 0.057 kPa (0.3 and 0.6 
y.M) in heart and liver mitochondria, respectively (see also Lassnig et al. and Kuznetsov 
et al., this volume [10,12]). The elasticity of mitochondrial oxygen flux with respect to 
oxygen pressure is related to the hyperbolic dependence of flux on PO, (Fig. 2; [10]). 
From Eq.(1), the elasticity is [13], 


J 1 Jo 
ee —_-— j-—~ 2 
7 1+ Po, / Psp _ - 


At intracellular PO, of 0.3 kPa (3 1M [14-16]), mitochondrial respiration at state 3 in 
heart is oxygen limited by a factor of 0.10, equivalent to the elasticity (Eq. 2; Fig. 2). At 
identical PQ, mitochondrial respiration in liver is more oxygen limited with an 
elasticity of 0.16 (Eq. 2). 

Several important conclusions are drawn from relating mitochondrial oxygen 
affinity (Fig. 2) to the respiratory cascade (Fig. 1). (i) A negligible role is frequently 
assumed for intracellular oxygen pressure in the regulation of mitochondrial respiration 
in tissue. This assumption requires revision since intracellular PO, can be maintained 
high and without regulatory effect on maximum respiration only under the condition of 
excess capacities for oxygen supply (Fig. 1; steps 1-4) relative to mitochondrial 
respiratory capacity (step 5), Inacsupply >> Jmaxmito [pmol O,-s"']. Oxygen supply capacity, 
however, is well matched with the mitochondrial capacity in muscle [6,7], Jmacmito» Which 
is the product of maximum respiratory flux per unit mitochondria, J,,,, [nmol O,-s"-mg” 
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(1) 


'], and mitochondrial mass, ™,,,. [mg of mitochondrial protein in the tissue] (system- 
related extensive flow, J, and size-specific flux, J [17]), 
: = a? (3) 
; Taito 

At excessive oxygen supply capacity, the mitochondrial flux control coefficient would 
approach | (Fig. 2), whereas mitochondrial capacity slightly exceeds maximum oxygen 
consumption of the heart [18], and flux control is distributed over several steps in the 
respiratory cascade [6,15]. Therefore, the flux control coefficient of mitochondria in the 
respiratory chain is <1, and intracellular oxygen is regulatory to a significant degree, 
£9, >0 (Fig. 2). 

(ii) Mitochondrial respiratory Capacity is to be evaluated at average intracellular 
oxygen pressure, po), ;, yielding oxygen-limited respiration, JO,,i < Imax Fig. 2). At steady 
State, oxygen flow is equal through each step in the respiratory cascade, 

Lexpply a lis = JO, i Mita (4) 

Mitochondrial capacity at kinetic oxygen saturation, therefore, must be higher than oxygen 
supply capacity to the tissue and maximum respiration in vivo at PO, i» Tnaxsito > Iazxsugply 
The mitochondrial “oxygen-kinetic excess capacity”, 4... expressed relative to maximum 
flux at intracellular PQ, is functionally necessary in the context of the respiratory cascade 


(from Eq. 1), 
_ -Jo,; 1 
Ang = #4 = —___ (5) 
“0, Po, i! Pso 


Comparison with Eq.(2) shows that at high po,,j/Ps >10, the oxygen-kinetic excess 
capacity of mitochondria (Eq. 5) is approximately equal to the elasticity for O, (Fig. 2). 
An ito Calculated for heart is c. 0.1 (Fig. 2), in agreement with measurements of maximum 
mitochondrial respiration, Tnaxmitos at 10-20 % above maximum oxygen consumption of the 
heart [18]. 

(iii) Oxygen gradients are necessary for oxygen transport by diffusion (Fick’s 
law). Intracellular PO, therefore, is low relative to atmospheric po,, particularly at step 
4 (Fig. 1) which is dominated by extracellular oxygen gradients and includes an 
intracellular component. PO,j is maintained low by combination of a low mitochondrial 
Ps (0.2 to 0.3 % of atmospheric oxygen) with a small mitochondrial excess capacity, 
leading toa moderately low elasticity at maximum work load (Fig. 2). 

(iv) Due to excessive lung structure, the flux control coefficient of step 1 is =0, but 
all other steps contribute to changes in respiratory capacity in organisms of various size 
and athletic versus sedentary type [6]. If flux control is distributed evenly over steps 2-5, 
then the flux control coefficient is 0.25 for mitochondria (summation theorem [2,3]). A 
linear model may be an oversimplification, however, since mitochondrial capacity 
contributes to the heart pumping capacity (step 3) and mitochondrial density influences 
intracellular diffusion distances (step 4). 

(v) A large mitochondrial excess capacity is hypothetically assumed for explaining 
large threshold values for mitochondrial DNA mutations in human degenerative diseases 
and ageing [19]. The inevitable consequence of a large mitochondrial excess, as is readily 
apparent now, is a low intracellular PO,/Pso ratio and limitation by oxygen supply (Fig. 2). 
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Figure 2. Oxygen flux relative to maximum flux at kinetic oxygen saturation, JQ /Jinax 
(full line; Eq. 1), elasticity of mitochondrial oxygen flux (stippled line; Eq. 2), and 
oxygen-kinetic excess capacity, 4, (dotted line; Eq. 5), as a function of oxygen pressure, 
PO» expressed relative to the mitochondrial ps. The po, j/Pso ratio is shown (vertical line) 
for intracellular po, in heart of 0.3 kPa and po in state 3. Without any oxygen limitation, 


the elasticity would approach zero and the flux control coefficient of mitochondria in the 
respiratory cascade (Fig. 1) would be one (connectivity theorem [2,3]). 


An alternative explanation for the threshold effect is based on considering excess 
capacities of mitochondrial enzymes with low flux control coefficients for maximum 
mitochondrial respiration [8,9,20]. 50% lower COX activity in copper deficient mice 
yields unchanged maximum oxygen flux in permeabilized muscle fibers [21]. Since the 
early quantitative studies on flux control of oxidative phosphorylation, it is known that 
distribution of flux control depends on experimental conditions [22]. The flux control 
coefficient of cytochrome c oxidase for state 3 respiration of liver mitochondria 
increases from 0.1 to 0.5 when sucrose medium is replaced by media with physiological 
K* concentration [23]. Therefore, extrapolations to in vivo conditions must be viewed 
critically. In particular, physiological intracellular oxygen levels must be taken into 
account in mitochondrial bioenergetics [11,24,25]. 

While capacities of highly integrated components of the respiratory cascade are 
matched (Fig. 1), excess capacities of single enzymes appear to contradict the concept of 
optimum design of the respiratory chain. We address this apparent discrepancy with 
respect to the terminal enzyme in the mitochondrial electron transport chain and the 
functional relation between mitochondrial oxygen affinity and excess capacity of 
cytochrome c oxidase (COX). 
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Oxygen kinetics of COX and the mitochondrial respiratory chain: Synkinetics 


Oxygen-saturated oxygen flux, V,,,,, measured for COX at state 3 and 0.5 mM 
tetramethyl-p-phenylenediamine (TMPD, below saturation concentration) was higher 
than oxygen-saturated oxygen flux, J,,,,. for the mitochondrial respiratory chain at state 
3 with succinate. The relative excess capacity of COX, Acox, was higher in heart than 
liver mitochondria, 

Aco = — Baa (6) 

Y max 
The corresponding apparent turnover number of COX, k,,' [nmol O,-nmol aa;"-s"], was 
9.5+0.9 s' and 10.8+1.8 s” in heart and liver mitochondria, respectively (tSD, N = 8 


and:6; estimated from the hyperbolic oxygen dependence at PO,<1.1 kPa; 16 and 7 % 
lower than initial maximum turnover rates measured at high po, [12]). Like k,,,, the K,' 


for oxygen of COX was not different between heart and liver mitochondria at an 
average of 0.063 kPa. The affinity of the single step, K,,', therefore, cannot explain the 
lower ps, of heart mitochondria. 

Fast haem-haem electron transfer, k.,, to the binuclear haem iron-copper centre of 
COX yields kinetic trapping of oxygen as a basis for the low K,,' of COX [26-28], 


Kn’ * eK (7) 
et 
k,, is the small, hence rate-limiting rate constant for electron input into COX, and K,, is the 
equilibrium constant of oxygen binding. Consistent with Eq.(7), the K,,' decreased when 
kx! or k,, Was suppressed at lower TMPD (0.3 mM) and no addition of ADP (Fig. 3; 
open symbols, substituting for J,,,, in Eq. 6 the oxygen-saturated V,,,,' of COX at states 3 
or 4). 

K,,' increases with COX turnover rate which is limited by ,, (Eq. 7). Reduction of 
COX turnover provides the key for a direct functional role of COX excess capacity 
which causes down-regulation of mitochondrial ps) by limitation of k, from the 
respiratory chain [10]. Excess capacity of COX limits the COX tumover rate in 
maximally active mitochondria relative to k.', and thus lowers the mitochondrial ps 
relative to K,,' (Fig. 3; closed versus open symbols). Regulation by COX turnover rather 
than adenylate binding to COX [29] decreases the psp in state 4 compared to state 3 
(10,12,30], when Ajo, increases to 0.9 by ADP limitation of the respiratory chain with 
low electron input into COX (Fig. 3). Owing to the higher COX excess capacity, 
mitochondrial COX turnover is slower in heart than in liver, which is the synkinetic 
mechanism for the more effective down-regulation of mitochondrial py in heart. 
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Figure 3. Mitochondrial p,. or K,,' for oxygen, as a function of relative COX excess 
capacity, Agox. Open symbols: K,,' for COX measured at maximum COX turnover and 
Acox of zero (0.5 mM TMPD, 1 mM ADP), and for limited COX turnover (0.3 mM 
TMPD, 0 mM ADP). Closed symbols: p,, at state 3 with 4.5, of 0.33 and 0.50 (Eq. 7), 


and at state 4 with maximum A,ox. Squares and circles: heart and liver mitochondria, 
respectively. 


CONCLUSIONS 

Oxygen affinity of mitochondrial respiration is a function of both oxygen kinetics 
of cytochrome c oxidase as studied at the level of the single enzyme step, and excess 
capacity of COX which is a synkinetic characteristics of the tissue-specific 
mitochondrial multi-enzyme system. High oxygen affinity is achieved by down- 
regulation of COX turmover rate at excess capacity of COX relative to the respiratory 
chain. This functional interpretation of COX excess capacity depends on the physiological 
significance of mitochondrial oxygen affinity in the intracellular low-oxygen environment 
at the terminal level of the respiratory cascade. 
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INTRODUCTION 

Permeabilization of the cell membrane is becoming-an established alternative to 
the isolation of mitochondria in biocenergetic studies of cultured cells and biopsy 
samples of muscle. Depending on cell type, 5 to 50 million cells are required for a 
respirometric measurement of endogenous and permeabilized-cell respiration [1,2], 
using conventional oxygen monitoring instruments. An order of magnitude less cells are 
required when using high-resolution respirometry [3] (Tab. 1), which provides an up-to- 
date standard for general and clinical bioenergetics, including the diagnosis of 
mitochondrial defects, testing of drugs, oxidative stress and hypoxia-reoxygenation 
injury [4-6]. 

We provide an overview of (i) the specific features of high-resolution 
respirometry, (ii) test experiments for instrumental evaluation, and (iii) digitonin 
titrations for determining optimum concentrations for cell membrane permeabilization 
in cultured cells. 


High-resolution respirometry: OROBOROS Oxygraph and DATLAB software 

High-resolution respirometry is based on (i) the OROBOROS® Oxygraph, (ii) 
DATLAB for on-line display, data acquisition and analysis, and (iii) calibration of 
parameters for signal correction [3]. In addition, the OROBOROS® Titration-Injection 
microPump (TIP) provides the option for automatic titrations and steady-state 
injections. This combination yields the high sensitivity required in studies of biopsies 
with minimum amount of sample, pathological effects resulting in reduced respiration, 
cell cultures with limited number of cells, mutants with diminished respiratory capacity, 
and for inhibitor titrations in metabolic control analysis, resolution of changes in oxygen 
flux over incubation time, and measurement at low oxygen. 


The OROBOROS Oxygraph for high-resolution respirometry 

The OROBOROS® Oxygraph is a two-chamber titration-injection respirometer (Fig. 
1) with the following features [3]: (i) Artefacts due to oxygen diffusion are minimised 
by using appropriate materials, glass for chambers and titanium for stoppers and 
injection cannulas. Avoiding perspex chambers is essential but not sufficient. Viton O- 
rings and butyl india rubber sealings are used with zero oxygen diffusion. 
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Figure 1. The OroBoros® Oxygraph (Paar, Austria). A, window into chamber A; B, 
glass chamber B; C, copper block, temperature-regulated and insulated; E, base with 
electronics for signal amplification and rotating electromagnetic field for driving the 
PEEK stirrer bars (not shown); G, gold connection to POS; H, holder of POS; O, 
Viton O-ring on stopper; P, plate with heat dissipator in thermal contact with th 

peltier thermopiles between the copper block and P; POS, polarographic oxygen 
sensor; R, switch for stirrer B; S, sleeve for sealing POS against glass chamber, butyl] 
india rubber; SB, stopper of chamber B with conical titanium plate at the bottom (no 

shown for chamber A); T, titanium cannula; V, adjustable sleeve for setting the 
chamber volume. 


PEEK stirrer bars (polyetheretherketone) replace the conventional teflon stirrers. Teflon 
is an effective O, buffer with 10-fold higher oxygen solubility compared to incubation 
medium (Tab. 2; [7]). Oxygen leaks back from a teflon stirrer bar at up to -30 pmol 
O,s"'-cm”™ at zero po, [8]; —5 pmol O,-s"'.cm” is reported in one of the few cases in the 
literature [9], compared to —1.5 to -2 pmol O,-s'.cm™ with PEEK stirrers (Fig. 2). This 
residual oxygen diffusion is probably mainly due to oxygen leakage from the electrolyte 
reservoir of the sensor into the sample medium. After some hours of equilibration at 
minimum oxygen levels, oxygen stores for back-diffusion are depleted and diffusion is 
zero over days recorded in the OROBOROS Oxygraph. Oxygen diffusion increases, 
however, by a factor of >10 when choosing a wrong material for sealings. 

(ii) Each chamber is equipped with a polarographic oxygen sensor (POS) with a 
large cathode (2 mm diameter; Orbisphere Model 2120). Sensitivity and signal to noise 
ratio increase and signal drift at zero oxygen decreases with increasing cathode area [7]. 
By angular insertion of the POS into the glass chamber (Fig. 1) dead space is minimized 
and the cathode is placed into an optimum position for stirring [8], contrary to the 
customary central insertion where the cathode is exposed to minimum water current. 
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Table 1 
Where high resolution counts: high accuracy with minimum amount of sample 


Sample Concentration Volume Temp. _ Ref. 

Heart mitochondria 0.01 mg protein-cm? 20cm’ 30°C [14] 

Permeabilised muscle fibers 1.5 mgwetweightcm® 15cm? 30°C [15] 

Endothelial cells 0.2 = 10° cells-em® 2.0cm’ 37°C _ [12] 

T-lymphocytes 1 10° cells-cem™? 15cm? 37°C  {6] 
Table 2 


Oxygen solubility in pure water, incubation medium and Teflon. The comparison illustrates 
the importance of eliminating Teflon (Teflon-coated magnetic stirring bars), for minimizing 
background distortion of oxygen flux 


Compound Oxygen solubility at 25 °C, So, [ymol-dm™-kPa"] 
Water 12.6 

Incubation medium 10.7 to 11.6 

Teflon, polytetrafluoroethylene 106.0 


(iii) A paradigm shift from minimum to optimum volume of the Oxygraph 
chamber is based on considerations of the surface to volume ratio, which increases with 
decreasing volume. Boundary effects, therefore, entail larger errors at smaller volume, 
in particular binding of inhibitors to surfaces and oxygen diffusion. While the rate of 
oxygen depletion per unit amount of sample increases linearly with decreasing chamber 
volume, side effects may increase to a larger extent. Accuracy but not necessarily 
reproducibility is lost with decreasing chamber size. The optimum chamber volume of 
the OROBOROS Oxygraph is 1.5 to 2.0 cm’ and is variable up to 8 cm’. The large inner 
diameter of the cylindrical chambers (16 mm) provides space for additional electrodes, 
light guides and mechanical transducers. 

(iv) Temperature is regulated electronically by a built-in peltier thermostat with 
accuracy better than +0.05 °C in the range 2 to 50 °C (at room temperature). Superior 
temperature stability, higher safety and comfort are obtained by replacing the 
conventional water jacket and elimination of tubings connected to a water bath. The 
compact design provides for two independently operated respirometer chambers at 
minimum bench space (Fig. 1). The microprocessor controls independently the variable 
speed of the two built-in electromagnetic stirrers. A slow-start function prevents 
decoupling of the stirrer magnet. 

(v) An A/D converter transmits the signal of each chamber independently through 
an RS232 port at 1 s intervals (minimum is 200 ms), after time-averaging 30 readings. 
The digital limit of resolution is <0.001 kPa (<0.005 % air saturation). Barometric 
pressure is digitally recorded from a pressure transducer for automatic calibration of 
oxygen by DATLAB. 
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DATLAB for high-resolution respirometry 
Simultaneous on-line recording of oxygen concentration, cQ,, and oxygen flux, 
Jo, (per amount of sample) or ro, (per chamber volume), and digital data analysis are a 


prerequisite for high-resolution respirometry. Linear slopes of oxygen concentration over 
time are obtained only at constant flux (Fig. 3), but may be artifacts of low resolution with 
linear fitting on chart recorder traces, belonging to the past. Stability or small changes of 
oxygen flux can be evaluated and are resolved only by analysis of the time derivative of 
oxygen concentration as a function of time (Fig. 3). This is achieved on-line by DATLAB, 
displaying oxygen concentration and flux independently for the two Oxygraph chambers 
on one screen. Subsequently, sections of the experiment are selected for averaging and 
tabulating oxygen flux. Graphically supported DATLAB ANALYSIS is optimized 
specifically for Oxygraph high-resolution respirometry, combining speed and flexibility 
in a user-friendly analysis [10] (Fig. 2 and 3). 

Oxygen flux is routinely recorded over large ranges of oxygen concentration, 
from air saturation to zero oxygen levels. A full-scale screen displays an overview of the 
experiment, but flexible zooming into particular windows of oxygen and time is crucial 
for high resolution during experiment and analysis. 
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Fig. 2. Standard background test, with air calibration of the polarographic oxygen sensor 
(POS), calibration of the POS time constant, and background oxygen flux measured at four 
oxygen concentrations. G, electronic gain setting, after air equilibration of the stirred 
incubation medium (2 cm? RPMI, 37 °C, 95.5 kPa barometric pressure) with air introduced 
by partial insertion of the stopper (Fig. 1). See Fig. 3 for zero oxygen calibration. C, 
Closing the chamber containing incubation medium without sample. R, Rotation of the 
stirrer is shortly switched off and on, to calibrate the response time of the signal for 
dynamic correction [3]. N,C, Opening the stopper partially to purge argon into the gas 
phase; at the desired oxygen level, the chamber is closed for recording instrumental 
background. Numbers in circles: Four sections of the background experiment are selected 
(A) for plotting the volume-specific background rate, ro9,°, as a function of oxygen 


concentration (B). The linear regression is shown with intercept, a°, and slope, b° (B). 
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Automatic air calibration is based on digitally recorded barometric pressure and 
temperature. If the oxygen solubility of the incubation medium is not known, it may be 
selected according to general guidelines. Automatic calibration of the time constant of 
the oxygen sensor and deconvolution of the signal yield the high time resolution 
required in kinetic analyses [3]. Various options for smoothing are available, selected 
according to the requirements of time resolution and signal stability. Specific 
corrections are made for calculating oxygen flux when the TIP is used for continuous 
steady-state injections into the Oxygraph [11]. 


OROBOROS Titration-Injection microPump (TIP) 

The electronically controlled TITRATION-INJECTION MICROPUMP (TIP) provides 
highest accuracy in automatic titrations. Continuous injection by TIP allows operation at 
quasi steady-states, with a new flexibility in experimental design by combining the 
advantages of closed and open systems approaches. Titration volumes are 
programmable between 0.05 to 250 mm’, and injection flows can be set between 0.01 
and 35 mm’-s"! over selected periods of time. Setup programs can be saved with variable 
sequences of titrations and injections [11]. 


Instrumental test experiments 

Oxygen consumption by the polarographic oxygen sensor and back-diffusion at 
low oxygen pressure contribute to background effects, correction of which sets a 
standard in high-resolution respirometry. Determination of the background flux over the 
experimental oxygen range provides a general test of instrument function (Fig. 2A). 
This is advantageous even in cases when experimental oxygen flux is high and, 
therefore, background correction is not more than 1-5 % of experimental flux. 

The polarographic oxygen sensor produces an electrical signal by consuming 
oxygen proportional to the partial pressure of oxygen in the medium (Fig. 2B). On the 
other hand, the rate of diffusion into the chamber depends linearly on the oxygen 
pressure difference between the oxygen source and the medium, being largest in the 
hypoxic region and decreasing linearly with increasing oxygen pressure (Fig. 2B). 
Correction for calibrated background parameters (Fig. 2B) is performed automatically 
by DATLAB over the entire experimental oxygen range [3]. Sensitivity is better than 
+1.5 pmol O,-s'.cm? with background correction, as judged from measurement of 
background rates at air saturation and zero oxygen of 2.85 (0.64 SD) and -1.50 (40.28 
SD) pmol O,-s'-cm™, respectively, and respiration of endothelial cells inhibited by 
rotenone and antimycin A, averaging 2.5 (+1.0 SD, n=7) pmol-s'-10~ cells at densities 
varied to a minimum of 0.2-10° cells-cm” [12]. 
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Fig. 3. Respiration of endothelial cells (continuous line; rate of oxygen consumption per 
volume, rQ, [pmol-s!.cm™]) calculated on-line from oxygen concentration (dotted line; 


CO, [nmol-cm™~}), at a density of 2.9-10° cells-cm™. Cellular respiration depleted oxygen 


to zero, which is used for zero calibration. Measurement was continued after opening the 
chamber shortly for re-oxygenation (dotted arrow lines). Permeabilization of cells by 
digitonin (10 pg-10~ cells) induced a reduction of flux to state 2, independent of oxygen 
concentration as shown by a short re-oxygenation. Addition of ADP (1 mM) increased 
oxygen flux to state 3. Note the decline of flux after maximum ADP stimulation. 
Aerobic-anoxic transitions yield the oxygen kinetics. 


Fig. 4. Titration of digitonin during 
measurement of respiration § in 
endothelial cells in mitochondrial 
medium, in the presence of 10 m 
succinate, 0.5 uM rotenone and 1 m 
ADP. Time intervals between titration 
were 12-14 min up to 3 ug-em”® and 4- 
min at higher digitonin concentrations 
Cell density: 1.02 (+0.16)-10°cm™ 
(N=6; +SD). Permeabilization wit 
digitonin concentration of 10 pg-10° 
cells is optimum for ADP-stimulate 
respiration. 
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Permeabilization of endothelial cells: Test for optimum digitonin concentratiqn 
Stimulation of mitochondria by ADP after permeabilization of cells with digitonin 

yields occasionally oxygen flux which is lower than endogenous respiration of intact 

cells [13]. Optimum conditions must be tested rigorously, therefore, for mitochondrial 
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integrity and permeabilization of the cell membrane with digitonin, as a basis for 
conclusions to be drawn on the function of various components of the mitochondrial 
respiratory chain. A suitable test is shown in Figure 4, applicable to cells which are 
impermeable for succinate when the plasma membrane is intact [4,5]. 

Endogenous respiration of intact cells (human umbilical vein endothelial cells, 
transformed by lung carcinoma) is not stimulated by addition of succinate and ADP, and 
is strongly inhibited by rotenone (Fig. 4; zero digitonin concentration). Importantly, this 
is a quantitative quality control of suspended cells [4]. Subsequent stepwise digitonin 
titration yields gradual permeabilization of the cell membrane, shown by the increase of 
respiration up to state 3 (Fig. 4; at 10 pg-10% cells). Combination of respiratory 
measurement in intact cells and mitochondria after permeabilization (Fig. 3) provides a 
link between bioenergetics and physiology. 
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Intracellular calcium transients play a central role in many signal transducing 
cascades. Recent experiments show that calcium signals can also propagate from one 
cell to another in a variety of cell populations; examples include hormone-evoked 
calcium oscillations in hepatocytes and glia-to-neuron signalling in response to 
neurotransmitters. The coupling mechanisms that can support such intercellular signals 
remain unclear. Potential candidates are diffusion of the calcium-releasing messenger, 
inositol 1,4,5-triphosphate through gap junctions, gap junctional diffusion of calcium 
ions, and paracrine signalling. 

To investigate the different ways of coupling we introduce a model of three 


variables which employs the calcium-induced calcium release mechanism: 
4 4 
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We extend this model to a system of several gap junction-coupled cells. In the 
case of identical cells and coupling through diffusion of a substance X proportional to 
i) oie se 
the respective concentration gradients, ae Gy GAY = X) | stability 
analysis can be simplified by transformation to suitable variables. Thereby the Jacobian 
is turned into block structure, 


L. Ne 
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(N) 
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where the (...) differ from the one cell Jacobian only in that linear combinations of 
the coupling constants cj are added in the diagonal. Thus the respective characteristic 
polynomial is a product of N polynomials of order three. We give an explanation for 
synchronisation of oscillations when coupling via calcium diffusion and discuss 
preliminary results of calculations concerning systems of non-identical cells. 
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ABSTRACT 

The yeast Saccharomyces cerevisiae can metabolize both glucose and ethanol. 
Depending on environmental conditions, it either prefers the glucose or metabolizes the 
substrates simultaneously. Experimentally it has been established that the metabolism of 
the organism always follows the strategy that is ‘best for the cell’. With a simple 
simulation, we compare two straightforward biochemical mechanisms that may bring 
about such relatively intelligent regulation in the living cell. We discuss how this could 
be investigated in more detail. 


INTRODUCTION 

Under aerobic conditions the yeast S. cerevisiae can grow on glucose as well as 
ethanol. When both substrates are abundant, glucose is preferred. However, when both 
substrates are limiting in a chemostat, they are metabolized simultaneously [1]. While 
this may benefit the cell, it also requires a complex regulation, with two or more distinct 
strategies. When the ethanol/glucose ratio is low, the ethanol is fed into the TCA cycle, 
which must be regulated to avoid accumulation. At high ratios, the ethanol is also used 
to construct building blocks for biosynthesis. For this, a reverse catabolic (glyoxylate- 
and gluconeogenesis-) pathway is needed. To avoid loss of ATP, the forward and 
reverse pathways should not be active simultaneously (futile cycling). 

A sharp transition between the two strategies has been observed [1], ie. the 
reverse catabolic enzymes are absent at low ethanol/glucose ratios, and each enzyme is 
induced only when it is required to sustain the maximal flux of biosynthesis. A possible 
mechanism for this tight regulation, is repression by glucose, which has indeed been 
observed [2], but may be restricted to short timescales [3]. On the other hand, the 
reverse enzymes could be induced by metabolites of the TCA cycle, since these would 
accumulate in the absence of reverse enzymes. 

We present a simple model] for growth on mixed substrates, differing from 
previous models that do not include the reverse pathway [4, and references therein], and 
study which of the two mechanisms reproduces the observed tight regulation. We 
discuss how this may be investigated in more detail. 


MODEL 

Figure 1 shows the simplest model for a yeast cell that metabolizes glucose and 
ethanol simultaneously. Two metabolites (A and B) represent respectively the (C6 and 
C3) intermediates of glycolysis and the (C2) intermediates of the TCA cycle. They enter 
the cell with a fixed flux determined by the chemostat and the total cellular volume. A 
forward catabolic pathway (J,) converts A to B, and A and B are used in a fixed ratio for 
biosynthesis. A reverse pathway is necessary for high J,/J, ratios. ATP is not considered 
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separately, but included in A and B as a building block for biosynthesis. Its inhibiting 
effect on glycolysis is partly represented by product inhibition of the forward pathway. 
Loss processes are not included either. 
The rate (v,) of the forward catabolic pathway is modeled as a single Michaelis- 
Menten reaction, which is irreversible, but potentially inhibited by its product: 
A/K, 
YS TE ATK, + BL 
f I 
with parameters V,, K, and L, The reverse pathway is accounted for by an analogous 
expression, except that V, is multiplied by a scaling factor E, to describe the regulation. 
We include both mechanisms that were proposed in the introduction, by expressing: 
E __Krep BB 
"  Kpep tA King +B 
The parameters K,,, and K,,, determine respectively the extent of repression by A, and 
induction by B. The overall biosynthesis is a complex network of reactions. For our 
present purposes, however, it can be modeled as a two-substrate reaction, that requires 
A and B ina fixed ratio, i.e. any one of them alone does not suffice. Only the substrate 
with a low concentration influences the rate (assuming a sequential substrate binding 
model): 
a 
1+K,/A+K,/B 
K, and K, are Michaelis-Menten constants for the respective substrates. 
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Figure 1. A simple model for simultaneous metabolism of glucose and ethanol in a 
yeast cell. A and B represent the intermediates of glycolysis and the TCA cycle 
respectively. The arrow pointing from A to B represents glycolysis, the dashed arrow in 
the opposite direction the glyoxylate cycle, and gluconeogenesis. Biosynthesis requires 
both A en B. Influxes occur at a fixed flux, determined by the chemostat. 


PARAMETERS 

Below, we shall investigate how the steady state of our model depends on the 
relative magnitudes of J, and J,, with J, + J, = 1. The variables are normalized, i.e. 
scaled to order unity. For accounting purposes, the concentrations and fluxes are 
measured in the number of carbon atoms (‘C-moles’). 


98 


The forward and reverse catabolic pathways have identical parameters, with 
intermediate velocity (V, = V, = 1), and Michaelis-Menten constants (K, = K, = 1), and 
weak product inhibition (L, = L, = 10). For the biosynthesis reaction, the Michaelis- 
Menten constants must be lower, to avoid strong sensitivity to the substrate 
concentrations, which may otherwise cause a breakdown of this reaction (results not 
shown). Thus: V,, = 2, and K, = K, = 0.1. We consider the case where the biosynthesis 
reaction consumes A and B in equal amounts. 


Figure 2. Calculated steady-state fluxes, with strong repression by A: Kg,, = 0.1 (see 
text). Other parameters: V;= V, = 1, Kp =K,=1, L;=L, = 10, V,, = 2, and K, = K, = 
0.1. J, =1 - Jp- 


SIMULATIONS 

First, we consider the case where, the reverse pathway is regulated only through 
repression by A (induction by B is switched of by setting K,,, = 0.001). For a tight 
regulation, the repression should be strong, i.e. Kg,, should be low. We use K,,, = 0.1. 

Figure 2 shows how the metabolite concentrations and fluxes J,, J, and J,, (the 
steady-state values of v,, v, and v,,) vary with J,. The forward catabolic flux is large (J,= 
0.5), for growth on substrate A only (J, = 0), but decreases with increasing J,, because 
more B enters the cell directly. Near J, = 0.5, the reverse catabolic pathway (J,) becomes 
active. 

The regulation behaves well in the sense that the maximal flux of biosynthesis 
(J,,) is maintained through the entire range of J,. However, some amount of futile 
cycling (given by the smallest of J, and J,) does occur. Indeed, the activity (E,V,) of the 
reverse pathway, does not show the experimentally observed tight regulation, i.e. it is 
already significant for J, as low as 0.2. 

The regulation characteristics can be improved by choosing a stronger 
repression, i.e. a lower Kg,,. However, this creates a different problem; Low 
concentrations of A are then required which lead to a breakdown of the biosynthesis 
reaction as J, approaches 1 (not shown). This can only be avoided by changing more 
parameters. 

Figure 3 shows the case where the reverse pathway is regulated only through 
induction by B (repression by A is switched of by setting K,,, = 10). The other 
parameters are the same as used in figure 2. For a tight regulation, the induction should 
be weak, i.e. K,,, should be high. We use K,,, = 2. 

The fluxes in figure 3 are qualitatively similar to those in figure 2, ie. J; 
decreases with increasing J, and is replaced by J, around J, = 0.5. The maximal flux of 
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biosynthesis is again maintained. However, futile cycling is less than in figure 2, and the 
activity (E,V,) of the reverse pathway is in qualitative agreement with the observed tight 
regulation [1]. It is small for J, < 0.5 and increases linearly with J, for higher values. 
The tightness could be further improved by choosing a weaker induction, i.e. a higher 
value for K,,,, but this would lead to an undesirable further accumulation of B. 


Figure 3. Calculated steady-state fluxes with weak induction by B: K,,4 = 2 (see text). 
Other parameters: See figure 2. 


DISCUSSION 

With a simple model, we studied the simultaneous metabolism of glucose and 
ethanol by the yeast S. cerevisiae. Since the catabolic pathway supplies both the Gibbs 
energy and the building blocks for biosynthesis, a complex regulation is required with 
distinct strategies for low and high ethanol/glucose ratios. The latter requires a reverse 
catabolic pathway to rebuild the larger building blocks. An abrupt transition between 
these strategies has been observed [1], and seems useful as it prevents futile cycling. 

We considered regulation of the reverse pathway, either through strong 
repression by intermediates of the glycolytic pathway (A), or through weak induction by 
intermediates of the TCA cycle (B). In both cases, the maximal flux of biosynthesis 
could be maintained, but the latter case shows less futile cycling, and is in better 
agreement with the observed abrupt transition. This is related to the fact that the 
concentration of A decreases gradually as J, increases, while B accumulates quite 
suddenly near J, = 0.5, making it a more suitable candidate to reproduce the observed 
regulation. 

A significant role is played, in our present model, by the biosynthesis reaction. 
For practical reasons, we set its Michaelis constants smaller than those of the forward 
and reverse catabolic pathways. As a side-effect, the concentration of either A or B is 
always low. This causes the abruptness of the transition. It also reduces futile cycling, 
even if both catabolic pathways are constitutively present (not shown), which makes the 
question, why the reverse pathway is so tightly regulated, even more interesting. To 
determine, whether these phenomena do indeed occur, it would be useful to measure 
how the substrate concentrations vary with the ethanol/glucose ratio. 

In both our simulations, the induction of the reverse pathway is not as sharp as 
observed experimentally [1]. This can be improved by further decreasing the Michaelis 
constants of the biosynthesis reaction or by a more cooperative regulation, as will be 
discussed in a forthcoming paper. 
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An interesting phenomenon is, that the net catabolic flux approaches zero at 


intermediate substrate supply ratios. In S. cerevisiae, this could happen for the pyruvate 
dehydrogenase enzyme. Since the forward catabolic pathway is constitutively present 
[1], it would be useful to determine whether the flux does indeed vanish, and if so, 
whether this is due to allosteric regulation or to changing substrate and product 
concentrations. This has important implications, because the substrate (pyruvate) of this 
reaction is also a substrate for biosynthesis. 
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INTRODUCTION 

Considerable attention has been focused on molecular mechanisms of signal 
transduction during the past decade. However, the control of signaling pathways 
remains poorly understood. We have adapted Metabolic Control Analysis (see [1-4] for 
reviews) to quantify the signal transfer from a signal molecule to a cellular target. There 
are several quantitative aspects of signal transduction that are of interest, e.g., A) How 
does a receptor at the top of a signal transduction cascade control the activation state of 
the target at the bottom of a cascade? B) How does the response of a single cascade 
level to the immediately preceding level depend on the kinetics of the components 
involved? C) How do the control properties depend on the kinetic properties of each 
signaling level and the pathway structure, e.g., on branches and feedback regulatory 
loops between various levels of a cascade? 


RESULTS AND DISCUSSION 

A signal transduction pathway can be considered as a cascade of reaction 
modules, or cycles. Usually, each module consists of two or more interconvertable 
forms of a signaling intermediate (e.g., a phosphorylated and dephosphorylated protein), 
and one (or more) of these forms affects the next level down the cascade (Fig. 1). 
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Figure 1. A scheme of a linear signal transduction pathway. At each cascade level only 
two interconvertable forms are shown. Superscript I denotes inactive forms, e.g., E/7 
and £7 stand for inactive and active receptor, respectively. The active form (Ej) at each 
level affects the activating and/or inactivating conversion at the subsequent level (i+1). 
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The control of the steady-state signal transfer from a signal (S) to a target (7) is 
quantified as the steady-state fractional change in the activated target divided by the 
fractional change in the signal (in the limit of infinitesimally small changes): 


RE = lim((47)/%))=dinT/dins (1) 


R is the sensitivity of the target to the signal, known as the response coefficient in 
Metabolic Control Analysis. The signal may be a hormone, growth factor, cytokine or 
neurotransmitter, and the cellular target may be a channel conductivity, rate of 
transcription or phosphorylation state of some protein at the other end of the pathway. 


When a single cascade module is considered “in isolation” from the entire 
pathway, the response of a signaling protein at this module (£j) to the immediately 
preceding module (£;,.,) is quantified as the /Jocal response coefficient: 


it =dlin Ef In £j-] | Ey=const (2) 


The local response coefficient (r#;_,) quantifies the relative amplification or suppression 
of a signal at the module i of the cascade (when the activities of signaling intermediates 
at any other levels (Ej) are kept constant). 


Linear pathways 

For a linear cascade without branches and feedback loops (Fig. 1), the response 
coefficient (i.e., the overall sensitivity) of a cascade is equal to the PRODUCT of the 
local responses at each level of cascade [5,6]): 


Ro=rs Ki Pe = | | @ath) (3) 


Branched pathways 

If the signal and target are linked by more than one independent pathway (e.g., 
the signal has multiple receptors each with a different signal transduction pathway), then 
the total response is given by the sum of the products of local responses over each 
pathway [6]: 


Ri=[[@athn+[][@ath 4) 
Thus, the extent to which a signal controls a target through different pathways can be 
quantified and compared. 


If two signals, S, and S,, affect T through two different routes, which may 
converge at a common intermediate .X and then have a common part from X to T, the 
total response of the target to simultaneous changes in both signals, AS,/S, = a-AS,/S,, is 
given by: 


Ri = Rot @ Rs, = ([]@ath §, to.X) + a] [path S, to. X))-[] (path X to 7) 
(5) 
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How does the local response depend on the kinetics of a particular level 

We shall consider a simple kinase/phosphatase cycle (i), where the active form 
of a signaling molecule is phosphorylated form (£;) and the inactive form is 
dephosphorylated form (E'). The local response coefficient, r’,,, of cycle (i) to the 
preceding cycle (i-1) is expressed through the elasticities of the kinase (xk) and the 
phosphatase (p) with respect to the E; and £;. If only the rate of the activation 
conversion is affected by E;.,, and E;,, is the kinase, then [7]: 


ria=V/(o,+(E/E)-Ke) © 
If only the rate v,, of the inactivation conversion is affected by Ej_,, so that Ej_, is 
the phosphatase, then the local response coefficient, rij.,, has the opposite (negative) 
sign. Eq. 3 shows that the total response of the target to the signal is positive, if the 
number of cascade levels with negative local responses is even. 


When both protein kinase and phosphatase follow Michaelis-Menten kinetics 
and are far from equilibrium, the magnitudes of the elasticities, x and p are between 1 
and 0 (see, e.g. [8]): 


Ke =V+Ei/Ka Pg = V(I+ E,/Koe) 

Here K,, and K,» are the Michaelis constants of the protein kinase and phosphatase. If 
at any level both protein kinase and phosphatase are saturated with E/; and Ej , so their 
elasticities x and p are low, the local response rij, at this level, is high. For a 
monocyclic cascade this phenomenon is known as “zero-order ultrasensitivity” [9,10]. 
In general, when the total concentration of interconvertable enzyme is more than twice 
the affinities of the inactive and active forms for the catalysts, the dependence of the 
local response on the activity (£;.,) of the preceding level follows a bell-shaped curve 
[6]. 

In a signal transduction pathway some cascade levels may include more than two 
interconvertable forms of a single molecule, e.g., sequential binding of multiple adapter 
proteins and/or phosphorylation at multiple residues. In this case, the local responses 
(rij) will differ from those given by Eq. 6. However, for any kinetic scheme of the 
transformations at a particular level, these responses can be obtained using methods 
developed in [8,11]. Importantly, the general equations above, which relate the total 
response of a target(s) to the pathway structure and local responses at each module do 
not change. As an illustration, we consider a cycle of three interconvertable forms of a 
signaling protein (£;): inactive dephosphorylated (J) and singly phosphorylated (P) 
forms and an active doubly phosphorylated (£) form (Fig. 2): 
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Figure 2. A double phosphorylation cycle. The active form, £j.,, of a protein of the 
preceding cycle (i-1) is the kinase, that phosphorylates inactive forms, J and P, at the 
module i. E is the active, doubly phosphorylated form of a signaling protein of the 
module i. The numbering of the reactions of the module j is indicated. 


Such cycles occur, for instance, in the mitogen activated protein kinase (MAPK) 
cascades. MAPK kinase kinase (MAPKKK) activates MAPK kinase (MAPKK) by 
phosphorylation at two serine residues. Doubly phosphorylated MAPKK-PP activates 
MAPK by phosphorylation at threonine and tyrosine residues. Therefore, both MAPKK 
and MAPK cycles consist of three interconvertable forms of these proteins. Assuming, 
that the cycle rates, v,, V2, V3, V4 (Fig.2), do not depend explicitly on their products, and 
the protein of the preceding level (£;.,) catalyzes the activation conversions v, and v3, 
and does not influence v, and v,, the local response (r!;_,) of this cycle (i) to the cycle (i- 
1) is given by: 


r= UG d+ Pct Go plt Pc pte) © 


Here x and p denote the elasticities of the activating (kinase) and the inhibiting 
(phosphatase) reactions of the module i, respectively. 

Using Eq.7 one can show that for a three-form cycle, the dependence of the local 
response on the signal is a bell-shaped curve, provided the concentrations of 
interconvertable forms exceed the corresponding affinities for the kinases and 
phosphatases. In contrast to the two-form cycle, the local response of the three-form 
cycle is around 2 and not near 1, when the signal is low (i.e., when J is the prevailing 
form and P and E are very low). Therefore, for a three-form cycle the output-input 
relation (i.e., the dependence of E on £j.,) is more sigmoidal at low signals than for a 
two-form cycle. 

In a recent simulation of the steady-state kinetics and behavior of the MAPK 
cascade by Huang and Ferrell [12], the total MAPKKK concentration varied from 0.6 
nM to 15 nM, whereas the K 's for the kinase and phosphatase varied from 60 to 1500 
nM. For this range of parameters Eq.6 shows that the local response of the first 
(MAPKKK) level is always less than 1, decreasing from 1 to 0 with increase in the 
signal. In other words, the MAPKKK cycle responds to the signal like a Michaelian 
enzyme. At the second and third levels of MAPKK and MAPK interconversions, the 
total MAPKK and total MAPK concentrations varied from 240 nM to 6000 nM, 
whereas the K 's for the kinases and phosphatases varied from 60 to 1500 nM. Eq.7 
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shows that the local responses of MAPKK and MAPK cycles to the active MAPKKK 
and MAPKK, respectively, should vary with the signal as bell-shaped curves, assuming 
maximal values of more than 2 (depending on the total concentrations and K,, values 
selected). Importantly, Huang and Ferrel [12] found a successive increase in the 
steepness of the plots of activated MAPK cascade components at successively lower 
levels of the cascade. This is explained by our result that the total sensitivity of the 
cascade equals the product of the local sensitivities at each level (cf. [13, 14]). 


Pathways with feedback. 

We shall now describe the dependence of the overall response on the local 
responses for pathways with feedback loops. For any particular mechanism of the target 
influence on the receptor, the feedback can be described in terms of the local response 


(rr) as follows: 
rr= d In E,/d nT) 5 mcons 


In the case of activation of the receptor, r; is positive, and r; is negative in the case of 
inhibition. 

Feedback changes drastically the total response of a target to a signal. For a 
linear cascade that feeds back on itself, the total response to a signal is given by [6]: 


RY = T1(path)/(1-(r4/r$)-T(path)) 8) 
As expected, a positive feedback amplifies the control exerted by a receptor on a target 
and a negative feedback decreases the control. 


In the absence of feedback different pathway branches add independently to the 
total response. Feedback loops change this simple picture. If a signal has two receptors 
each with a different signal transduction pathway to one target, which feeds back on one 
or both receptors, then the total response to the signal is given by [6]: 


_ I1(path I) + (path I) 
1—(r-(1)/r's())F1(path 1) -(r-)/rs I) (path 1) 
This equation shows that even when only one pathway has a feedback (e.g. r7;(II)=0), 


these two pathways no longer add independently to the total response. Signal 
transduction by the two pathways is integrated by the feedback. 


(9) 


RS 


Theories of information transfer (such as information theory) have been 
developed previously for the analysis of the transfer of digital information, and thus are 
not appropriate for signal transduction pathways in living cells. The theory outlined 
here, which we call Signal Transfer Analysis, is similar to the Modular Control 
Analysis, but aimed explicitly at an analysis of the transfer of analogue information 
within and between cells. 
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INTRODUCTION 

The power of molecular genetics makes it possible to modulate the 
concentrations of selected enzymes in a cell, that potentially, allows one to design the 
metabolism of an organism. Yet, to the extent to which the biotechnology has been 
successful, it has used various qualitative and ad hoc rules to enhance specific product 
yield [1]. A "universal method" to increase a desired flux in a pathway without changing 
any of the intermediate concentrations has been devised by Kacser and Acerenza [2]. 
However, often the aim of metabolic engineering is to increase the concentrations of 
particular compounds, rather than a flux through a pathway. It would also be useful if 
one could design alternative ways to increase the flux, perhaps allowing some but not all 
of the metabolite concentrations to change (the viability of an organism strongly 
requires certain key metabolite concentrations to be maintained within narrow limits). 
Based on rate equations, Small and Kacser [3] devised a method for increasing the 
concentration of a metabolite, while leaving other metabolites and the reaction rates 
unperturbed. However, this method cannot be applied if one wishes to increase a flux 
also, or in case when some concentrations are constrained by moiety conservation (such 
as in coenzyme and substrate cycles). For the case of (infinitesimally) small changes, 
Westerhoff and Kell [4] elaborated a solution, but because the required changes in the 
enzyme activities were expressed via the control coefficients, predictions about what 
will happen during large modulations of the cell enzymes are limited. Apart from these 
restrictions, the existing methods fail to indicate that certain, potentially valuable 
changes in flux distributions and intermediate concentrations cannot be achieved, due to 
limitations caused by the pathway structure or kinetics. The "universal method" by 
Acerenza and Kacser [2], and the engineering of metabolite concentrations by Small and 
Kacser [3] and by Westerhoff and Kell [4] are both special cases of the so-called 
perturbation method applied to metabolic networks [5,6]. Here we will apply this 
perturbation method to show how one can modulate the enzyme concentrations so as to 
obtain any predefined change in metabolic fluxes and concentrations that is compatible 
with maintenance of a steady state. 


‘ 
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METABOLIC DESIGN ANALYSIS. 
We consider an arbitrary metabolic pathway including m_ metabolite 
concentrations (xj) which are determined by the rates (vj) of n enzyme reactions: 


dx. . _ 
us = »» N,v, i=I,...,m (1) 


Nijj is the stoichiometric coefficient of x, in the jth reaction. We assume that any reaction 
rate (vj) is proportional to the concentration (ej) of the enzyme that catalyzes it: 


v, =e,@,(x) (2) 


where ow; is the function of metabolite concentrations (x = x],...,xy) that defines the 
specific rate (i.e., the rate per unit of enzyme concentration). Note, that the specific rate 
differs from the turnover number, which stands for the maximum rate per unit of 
enzyme concentration at saturating concentrations of substrate(s) and zero product 
concentrations. At steady states, the reaction rate, Vj, will be referred to as the flux, J; , 
through the ith reaction, 


vy = J, (3) 
Perturbation method. 

Let us assume that a metabolic network under consideration is in a steady state 
characterized by metabolite concentrations xj and fluxes Jj. The question we wish to 
address is which perturbation in parameters, e.g. enzyme activities, will bring the 
system to a new steady state with the reaction rates Jj shifted by AJj and metabolite 
concentrations x; shifted by Ax; . Importantly, we do not assume the changes to be 
small, usually the desired change is large. We first note that, large or small, the changes 
in metabolic fluxes (AJj) and concentrations (Axj) cannot be arbitrary. The requirement 
that the cells remain at steady state imposes restrictions on the reaction rates, hence 
restrictions on AJj , caused by the structure of the metabolic network (i.e., the 
stoichiometries of reactions). For example, in a linear pathway of sequential reactions 
all AJ; must be equal, since all the reactions must have the same rate at steady state. In 
general, the changes AJ; in the steady-state reaction rates should satisfy the following 
restrictions (see Eq.1): 


’ Mead) <0 i=], ...,m (4) 

A general recipe to obtain all changes AJj, that satisfy Eq. 4 is simple. For any pathway 
branch or cycle the rate changes should be equal, and they should satisfy Kirchhoff's 
law at all branch points. 

In most metabolic networks the changes in the concentrations of some 
intermediates are constrained by moiety conservation. For instance, in energy 
metabolism, the intermediate forms that shuttle free-energy equivalents (such as ATP, 
ADP and AMP, or creatine and phosphocreatine) sum to the conserved total 
concentrations (adenine nucleotides and total creatine, respectively). A cycle of 
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interconversions between the different forms of the same chemical moiety is termed a 
moiety-conserved cycle. The requested changes (Axj) in the concentrations of 
intermediates should not violate moiety conservation relations. Therefore, (Ax;) are to 
satisfy the following restrictions: 


> Yn Ax, =0 i=l, ..., m-r (5) 


where, yjk is the stoichiometric coefficient of metabolite x; in the ith moiety conserved 
sum, r is the rank of the stoichiometry matrix (N) of the pathway. In most cases, yj; can 
be interpreted as the number of moieties of type i in the molecule of metabolite x;. 
Using the matrix N, existing software calculates the coefficients yj, for any metabolic 
network [7]. 


How to bring about the desired sustainable changes. 

Now we shall determine which changes in enzyme concentrations will provide 
the desired changes in metabolite concentrations and reaction rates. The molecular 
biologist may primarily manipulate the concentration of pathway enzymes with the 
intention of influencing flux through the pathway and the concentration of 
intermediates. However, to prove our approach it is more convenient to begin by 
treating formally the enzyme concentrations (e; ) as the dependent (slave) variables and 
the metabolic fluxes and concentrations as independent (i.e., modulated) variables. 
Subsequently, we shall deduce the implications for the required modulation of enzyme 
concentrations in the biotechnological context. From Eq.2 it follows: 


J,+AJ, =(e, + Ae,)a,(x + Ax) = e@,(x)+ AJ, (6) 
where wj(x+Ax) is the specific rate of the i-th reaction at the desired concentrations 


x+Ax of the metabolites, and AJj is the desired change in the flux. Using Eqs.6 and 2, 
the required changes in the enzyme concentrations can be presented as: 


Ae, / _ AJ, / \-@,(x) _ o 
y Aa Cay A) as Te eee 


Eq.7 gives us the answer, we were looking for: for each enzyme it determines 
the modulation of its concentration which brings about the desired change in metabolic 
pattern. To calculate the required changes Aej, one first needs to evaluate how the 
desired changes (Ax) in metabolite levels would affect the reaction rates if the enzyme 
concentrations were not changed. In Eq.7 this is written as wj(x)/wj(x+Ax) for each 
reaction (i). This ratio can be measured in crude extracts as the ratio of the reaction rates 
at the original and desired levels of metabolite concentrations in the wild type cell. In 
vivo the same ratio can be measured by manipulating branch pathways, or enzyme 
activities around the enzyme of interest such that the metabolite concentrations that 
affect the enzyme are changed from x to x+Av. The ratio wj(x)/wj(x+Ax) is then 
multiplied by the new desired reaction rate divided by the original rate. Subtraction of 1 
then leads to the required relative change (Ae;/e;) in the concentration of enzyme i. For 
this procedure the reaction kinetics of the enzymes does not need to be known (see also 
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modular/top down approach below). Alternatively, the ratio wj(x)/wj(x+A4x) can be 
obtained from the enzyme rate equations. In this case the kinetics need to be known, but 
only to the limited extent of predicting the change in the rate for the desired change in 
metabolite concentrations. If the desired changes in metabolite concentrations do not 
involve the substrates, products or effectors of a particular enzyme, no kinetic 
information regarding that enzyme is required. 

Eq.7 implies another limitation on possible changes (Ax). Since ej + Ae; has to 
be positive, the desired changes in the intermediate concentrations and fluxes are 
restricted by the following inequalities: 


(J,+AJ,)/a@(x+Ax)>0, i=]... n (8) 
To insure that the fluxes in a metabolic network do not change their direction, one 
should not increase the product and/or decrease the substrate concentrations of a 
reaction to the extent at which the mass-action ratio exceeds the equilibrium constant 
(which would be equivalent to a reversal in the flux) [3]. 


"Top down "/modular versus" bottom-up" approach. 

To understand how a large number of interrelated biochemical processes can be 
regulated coordinately, it helps to analyze them in terms of subsystems or modules of 
cell metabolism. Such an analysis, referred to as modular or "top-down" approach 
overcomes the experimental limitations of "bottom-up" analysis (which requires kinetic 
studies of any pathway reaction) by grouping reactions into a few large integrated 
subsystems interacting through a small number of intermediates (see., e.g. [8-10]). For 
instance, to solve the problem of increasing the concentration of some amino acid one 
can conceptually divide an entire metabolic network into supply and demand blocks 
communicating via that amino acid, provided there are no other interactions between 
these blocks, or such interactions can be neglected. In some cases it is convenient to 
consider several supply and demand blocks, e.g., free amino acid is incorporated into 
newly synthesized proteins, it can be a precursor for the synthesis of some other amino 
acids or cofactors, etc. One can view the whole group of reactions in such a block as a 
single overall reaction and, hence, analyze a simpler system (consisting of a few overall 
reactions) than the original metabolic network. To increase the concentration of the 
amino acid of interest one can apply the strategy described above to this simpler system. 
However, this strategy requires the knowledge of the phenomenological kinetics of the 
overall reactions, i.e., the dependencies of the steady-state rates on the concentration of 
the amino acid. These dependencies have to be measured experimentally. Perturbing a 
single block by adding specific inhibitors or activators acting within that block, or 
changing the concentration of initial substrates of that block, one can measure the fluxes 
through other blocks at different concentrations of the amino acid of interest. 
Implementing these experimentally obtained dependencies into Eq. 7, one arrives at the 
fractional changes in the required overall maximal activities of the blocks 
(corresponding to proportional changes in the concentrations of all the enzymes within 
the block), which have to be made to get a desired increase in the concentration of 
interest. 
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DISCUSSION 

In this paper we have shown that, in principle, it is possible to calculate the 
required changes in enzyme activities (with respect to a wild type cell) that bring about 
a desired pattern of steady-state metabolite concentrations and fluxes. Importantly, we 
specified the restrictions, which are imposed on an otherwise arbitrary choice of a 
desired metabolic pattern. The possibility to solve the problem is due to the fact that 
only n-r fluxes and r concentrations (i.e., in sum 7 values) out of the total number of 
n+m values for metabolite concentrations and fluxes can be chosen arbitrarily and there 
are n different enzymes catalyzing n network reactions. The simplicity of the solution 
obtained (Eq. 7) is related to the assumed proportionality of the reaction rates with 
respect to the enzyme concentrations. 

The method developed here is more general than the earlier approaches [2,3] in 
that it is not limited to an increase in a flux at constant concentrations of all metabolites, 
or to a change in the concentration of a metabolite at constant fluxes. It also clarifies 
which changes cannot be obtained without changing the network structure. In the 
present method of designing the metabolism, one may specify an increase in a flux, an 
increase in one metabolite, a decrease in a second and constant magnitudes for all 
others. The required changes in enzyme concentrations are then calculated readily. 
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INTRODUCTION 

The aim of this study was to reassess the role of mitochondrial outer membrane 
camitine palmitoyltransferase (CPT I) in control of hepatic ketogenesis in neonatal rat 
pups. Recent theoretical advances [1] and experimental work [2-3] have suggested that 
the traditional view, where CPT I has been considered the ‘rate-limiting’ step of 
ketogenesis [4], may no longer be valid. Here, we question whether CPT I should even 
be considered to be ‘rate-controlling’ over this pathway. Since our aim was to assess 
how much control CPT I exerts in vivo, rather than using isolated mitochondria, where 
we would need to make assumptions regarding the concentration of various effectors, 
our system consists of isolated hepatocytes, which are a complex, more ‘physiological’ 
system. In the preliminary series of experiments presented here, we have used metabolic 
control analysis to determine flux control coefficients for CPT I over ketogenesis from a 
variety of substrates: a long-chain fatty acid, palmitate; a medium-chain fatty acid, 
octanoate and a more ‘physiological mix’ consisting of 60% palmitate and 40% 
octanoate (the proportions of long:medium chain fatty acids found in maternal rat milk 
[5]). We independently manipulated CPT I using a range of etomoxir concentrations, 
which are converted in situ to etomoxir-CoA (a specific inhibitor of mitochondrial CPT 


I [6)). 


METHODS 

We prepared hepatocytes from Wistar rat pups (11-13d), which had been with 
their mothers and allowed to suckle ad libitum [7]. Cells were incubated in 25ml conical 
flasks at a density of approximately 3 x 10° cells in total volume of 3ml KRB. Flasks 
were gassed with 95%O,:5%CO, and incubated for 30min at 37°C in a reciprocating 
water bath. Appropriate concentrations of etomoxir (O1M-100,M) were added to flasks. 
After 10min, for the single substrate experiments, either 1ml (2mM, 0.4yCi [1- 
4C]palmitate in KRB, 2% BSA) or Iml (8mM, 0.8pCi [1-'C]octanoate in KRB, 2% 
BSA) was added to the flasks. For the ‘mixed fat’ experiments: 1m] (2mM, 0.4yCi [1- 
“C]jpalmitate and 1.32mM octanoate in KRB, 2% BSA); 1m] (2mM palmitate and 
1.32mM 0.8pCi [1-“C]octanoate in KRB, 2% BSA) or Iml (2mM 0.8pCi [1- 
“C}palmitate, 1.32mM 0.4yCi [1-'*C]octanoate in KRB, 2% BSA) was added to the 
flasks. The flasks were regassed, resealed and the incubation continued for 60min. 
Reactions were terminated by the addition of 4001 of 20% perchloric acid to the 
incubation medium, via a syringe needle. Where [1-'‘C]palmitate was used in the 


113 


24 


experiment (either alone or with unlabelled octanoate) the acidified incubation medium 
was centrifuged 0.4ml supernatant was used directly for assaying ketone body 
production (““C-KB). Where [1-'*C]octanoate was used in the experiment (either alone 
or as part of a ‘mixed fat’ experiment) 1.5ml supernatant was added to 4.5m! heptane, 
vortexed and centrifuged to separate the layers. The upper heptane layer was discarded 
and a further 4ml heptane added to the tubes. After repeating this washing procedure 3 
times, Iml of the aqueous layer was used for assaying ketone body production. Data 
from the three sets of ‘mixed fat’ experiments were pooled as there was no significant 
difference in flux in experiments where one or both substrates were labelled. Duplicate 
sets of incubations containing no radiolabel were performed to measure the effects of 
increasing etomoxir concentration on CPT I activity in each cell preparation. These cells 
were pre-incubated with the appropriate fatty acid substrate(s) and exposed to etomoxir 
as described previously. Cells were then permeabilised by the addition of Iml of 
digitonin in KRP and after 10s the suspension was diluted with ice cold KCI buffer and 
centrifuged. The permeabilized cells were collected as a pellet and resuspended in KCl 
medium. This suspension was used to measure CPT I activity using *H-carnitine and 
palmitoyl-CoA, in the presence of 1% BSA, and the amount of butanol-extractable *H- 
palmitoyl carnitine measured [8]. Etomoxir-CoA is formed and bound to CPT I during 
the preincubation and free etomoxir is lost during the permeablisation; therefore the 
CPT I activity measurements reflect binding of etomoxir-CoA to CPT I during the 
preincubation [9]. 

We calculated flux control coefficients for CPT I with respect to ketogenesis using data 
from the graphs in Figure 1, Equation 1 and the SIMFIT package [10] to apply tangents 
(at zero inhibitor) to the best-fit lines and to estimate errors on the flux control 
coefficients. 
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RESULTS AND DISCUSSION 


Whilst metabolic control analyses have often supported intuitive assumptions, here, 
results from our analyses suggest that the widely-held view of CPT I as a rate- 
controlling enzyme over neonatal ketogenesis may be invalid. 
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Figure 2 Comparison of numerical values for Cr Adult data from Drynan et al [8]. 
Errors have been omitted for clarity but are detailed in text 


We have previously shown [11] that whilst the control exerted by CPT I is lower in 


suckling rats than in adults (,.tmitateCcpm =0-8540.2 (adults) [8], paimitate Ccrr =0-55+0.03 
(suckling rats) (Figure 2)), it still exerts significant control and although these results 
suggest that it is no longer appropriate to consider CPT I to be ‘rate-limiting’ under 
these conditions, it may be considered to be ‘rate-controlling’ [11,12]. However, the 
preliminary results from the more ‘physiological’ suckling system presented here 
Gus cz. =0.02+0.00 (Figure 2)), suggest that CPT I cannot be considered to be ‘rate- 
controlling’ at this stage of development, in this system. Furthermore, these results 
suggest that the in vivo control exerted by CPT I over neonatal hepatic ketogenesis may 
be trivial. 
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INTRODUCTION 

The C4-dicarboxylates, succinate, fumarate, and malate sustain the growth of 
wild type Escherichia coli strains under aerobic conditions. Complete dissimilation of 
these substrates to carbon dioxide via the TCA cycle results in the formation of ATP 


mainly via oxidative phosphorylation; the Ht-ATPase catalyses the phosphorylation of 
ADP to ATP using the proton-motive force as the driving force. Under these conditions, 


the Ht-ATPase plays a key role in the free energy transduction in E. coli. Nevertheless, 
it had zero control on the growth rate at the normal level of this enzyme, with succinate 
as sole carbon and free energy source (1). However, at much reduced enzyme 


concentrations in comparison with the wild type cell, the control by the Ht-ATPase 
increased towards 1. 


The Ht-ATPase complex in E. coli is encoded by nine genes, located in the atp 
operon. Deletion of the entire atp operon results in an E. coli mutant that is devoid of 


the Ht-ATPase and therefore lacks any of its associated activities. Such strain has to 
rely solely on substrate-level phosphorylation to produce ATP. In comparison with the 
isogenic wild type strain, the growth rate and growth yield on glucose were indeed 
decreased, but not as much as expected for a shift from oxidative phophorylation to 
glycolysis alone (2). It was also found that the respiration rate was increased, which 
suggested that these cells supported uncoupled respiration in order to be able to profit 
from increased rate of substrate level phosphorylation. Furthermore, respiration also 
established the necessary energisation of the inner membrane, which would, under 
fermentative conditions, have been accomplished by the H*+-ATPase catalyzing the 
extrusion of protons at the expense of ATP hydrolysis. 

With succinate or other C4-dicarboxylates, no growth of the afp deletion strain is 


observed however (suc phenotype; 3). In the first instance, this seems not surprising, 
for the C4-dicarboxylates are so-called non-fermentable substrates. On the other hand, 


an E. coli strain devoid of the Ht-ATPase represents an interesting mutant, because it 
does possess an active TCA cycle but at the same time is deprived of oxidative 
phosphorylation and thus has only substrate level phosphorylation at its disposal to fuel 
anabolic processes. Substrate level phosphorylation could then in principle occur via the 
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TCA cycle or via acetate production and respiration could establish a proton-motive 
force. Why then, is the afp deletion strain unable to grow on the C4-dicarboxylates? 


In this study, we characterize £. coli mutants that are capable of growth on the 
C4-dicarboxylates (suct) although they completely lack the H*-ATPase, and 
demonstrate that the lack of growth of the atp deletion strain on the C4-dicarboxylates is 
a consequence of insufficient transport capacity for these substrates. Moreover, we show 


that growth of E. coli strains with functional H*+-ATPases is stimulated by moderate 
overexpression of the C4-dicarboxylate transporter. 


METHODS 


Bacterial strains and growth conditions 
The wild type (LM1237) and the atp deletion strain (LM2800) of E. coli were 


used (2). One suct mutant (LM3559) was obtained via transposon mutagenesis, using a 


Tn5-derived mini-transposon (4,5). A second suct mutant (LM3305) was obtained as a 
spontaneous mutant of the afp deletion strain LM2800. Complementation tests were 
performed on AB minimal medium (6) supplemented with thiamine (2.5 mg/liter) and 
the indicated carbon source. Plates were incubated at 37° C and contained 2% agarose 
in place of the usual agar. 


Expression vector 

Plasmid pFH2106 is a pBR322-derived expression vector that harbors a 
synthetic JacUV5 promoter, two /acO operator sites, a poly-linker region, and a strong 
transcriptional terminator. It further carries the JacI gene, encoding the lac-repressor 
protein that binds to both /acO operators, conferring a tight un-induced repression of the 
cloned gene of interest. 


Cloning of the yhiD and yhiF genes into pFH2106 

The two genes were individually amplified via PCR from chromosomal DNA 
isolated from strain LM1237. The fragments were ligated in pFH2106 and the resulting 
plasmids were transformed into E. coli. This yielded the plasmids pLAC-yhiD and 
pLAC-yhiF, in which the expression of the yhiD and yhiF genes have been placed under 
the control of the JacUVS5 promoter. 


Cloning of the dctA gene into pFH2106 

Plasmid pKAT204 carries a 2.5 kb insert, which harbors the entire wild type 
dctA gene from E. coli (7). The dctA gene fragment was cut out and subcloned into 
pUC19, resulting in the plasmid pUC-dctA. Subsequently, the dctA gene was inserted 
into pFH2106, resulting in the plasmid, pLAC-dctA, in which the expression of the dctA 
gene has been placed under the control of the JacUV5 promoter. 
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RESULTS 


Isolation of suct mutants 

The E. coli atp deletion strain LM2800 is unable to grow on minimal medium 
supplemented with succinate as the sole carbon and free energy source. However, when 
this strain was incubated on this medium, colonies began to appear after one week of 
incubation at 379 C, and turned out to be mutants able to grow on succinate (suct 


phenotype) although at much lower growth rate than an atp* strain. One of these 
colonies was re-streaked to purity (LM3305) and used for further investigation. The 


relatively high frequency by which the spontaneous suc* mutant occurred indicated that 
the suct phenotype could be the result of a gene inactivation, and it should then be 
possible to obtain the suct mutant through transposon mutagenesis. Indeed, the 
screening of a mini-Tn5 transposon library in strain LM2800 resulted in a transposon 
induced suct mutant, LM3559. 


Growth of suc” and suct mutants 


The atp deletion strain LM2800 and the two suct mutant strains derived thereof, 
LM3305 and LM3559, grow similarly on plates with glycolytic substrates such as 
glucose, pyruvate, and lactate, but are unable to grow on acetate. However, only the 
latter two mutants grew on the C4-dicarboxylates succinate, malate, and fumarate (suct 
phenotype). The transposon induced mutant LM3559 had a similar phenotype as the 
spontaneous mutant, LM3305, except that LM3305 yielded larger colonies than 
LM3559 on plates supplemented with the various C4-dicarboxylates when scored after 
the same incubation period. 

The growth rate of LM3305, in liquid minimal medium supplemented with 
succinate as the sole carbon and free energy source, was 33% relative to the wild type 
control, while the yield of biomass on succinate was 30% of the wild type. The rate of 
succinate consumption and the rate of oxygen consumption was increased, to 115% and 
132%, respectively, compared to the wild type. 


Complementation with the yhiD gene in trans in the suct mutants 

The insertion point of the mini-Tn5 on the E. coli chromosome in strain LM3559 
was determined by cloning of the relevant part of the genome. Subsequent DNA 
sequencing revealed that the transposon was integrated in the yhiD gene, which encodes 
a putative 23.2 kD protein with unknown function. The insertion of the transposon 
probably leads to inactivation of the yhiD gene product, and it was therefore of interest 
to see if we could suppress the suct phenotype by complementing with the wild type 
yhiD gene in trans. The growth of the suct mutants harboring pLAC-yhiD was then 
compared on succinate plates in the presence and absence of IPTG. Surprisingly, the 
presence of the plasmid had no suppressive effect on the growth of colonies on 
succinate medium for either of the two suct mutants. We therefore conclude that 
expression of the yhiD gene in trans does not suppress the suc* phenotype. 
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Complementation with the yhiF gene in trans in the suct mutants 
From the genomic sequence of E£. coli, it appears that yhiF, which encodes a 
hypothetical transcriptional regulator, is one of the flanking open reading frames. The 


growth of the two suct mutants harboring pLAC-yhiF was then compared on plates 
with succinate as substrate and in the absence or presence of IPTG. A strong decrease in 
colony size was observed on the IPTG containing plates. With malate as the substrate, a 
similar result was obtained, but with pyruvate no suppression of growth occurred on 
IPTG-containing plates. Finally, induction with IPTG did not have a significant effect 
on the colony size of either of the suct mutants when these were transformed with the 
vector pFH2106. We therefore conclude that expression of the yhiF gene in trans can 


suppress the suct phenotype. 


Complementation with the dctA gene in trans in the atp deletion mutant 

The above results indicated that the yhiF gene product might function as a 
negative transcriptional regulatory protein involved in C4-dicarboxylate metabolism. 
Furthermore, since the afp deletion mutant grows well on pyruvate but not on malate 
plates, it is likely that growth of the atp deletion mutant on malate is limited by 
transport of the C4-carboxylates into the cell. We therefore determined the effect of 


expression of the dctA gene (encoding the C4-dicarboxylate transporter) in trans, on the 
growth of the afp deletion strain, LM2800. Overexpression of the C4-dicarboxylate 
transporter was detrimental to the cells (7). However, at intermediate concentrations of 
IPTG, ranging from 3-15 M, the suc” phenotype of strain LM2800 was converted to the 
suct phenotype, whereas both too low and too high concentrations of IPTG resulted in 


the suc” phenotype. This demonstrates that the reason why the atp deletion strains fail to 
grow on the C4-dicarboxylates, is due to a lack of transport capacity for these 
compounds. 


Introduction of the deta gene in trans in atp* strains 


An afp deletion strain (atp"/suc” phenotype) is quite far from the wild type E. 
coli strain, and therefore the finding of a step which is limiting may not be too 
surprising. However, the introduction of the dctA gene in trans in strains that already 
had the capability to grow on the C4-dicarboxylates further stimulated the growth on 
these compounds. This was true for all three other possible combinations of phenotypes 
(atp"/suc*; atp*/suc”; atp*t/suc*). In other words, not only the suc strains without the 


Ht-ATPase, but also the wild type strain gave bigger colonies when compared with the 
appropriate control strains after a certain period of incubation; even with the fast- 
growing strain LM3330, which arose from the wild type strain after P1 transduction of 


the suct phenotype, a stimulation of growth on the C4-dicarboxylates was observable. 
DISCUSSION \ 


The suc” phenotype of afp mutants has traditionally been used to distinguish an 
atp mutant from a wild type strain (3). But still, the fact that an E. coli atp deletion 
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strain cannot grow on C4-dicarboxylates as substrates is actually somewhat surprising. 
C4-dicarboxylates can be converted into pyruvate which can in turn be converted 
through either the TCA cycle to carbondioxide or via the phosphoroclastic cleavage to 
acetate, yielding one ATP in either case. In fact, pyruvate is quite a good substrate for 
growth the atp deletion mutant. Malate or fumarate will generate one additional 
molecule of NADH during dissimilation compared to pyruvate, but so does lactate and 
this compound does support the growth of the atp deletion mutant. 

Two observations from this study seem to explain the absence of growth of the 
atp deletion mutant on succinate, malate or fumarate. First, the expression in trans of 
the yhiF gene, encoding a putative transcriptional regulator, suppressed the growth of 
the suct mutants substantially. This indicates that the yhiF gene product may act as a 
negative transcriptional regulator of the dctA gene in E. coli. Secondly, the fact that the 
expression in trans of the dctA gene, the structural gene encoding the C4-dicarboxylate 
transporter, enabled the atp deletion strain to grow on the C4-dicarboxylates, shows that 
the transport step does limit the growth of the atp deletion mutant on these substrates. 
Our current working hypothesis is that the atp deletion strain cannot grow on Cq- 
dicarboxylates, because expression of the negative transcriptional regulator yhiF 
prevents the synthesis of their specific transporter. 

The mechanism by which the transposon insertion in strain LM3559 causes the 


suct phenotype is not known yet. The insertion into the yhiD gene is likely to result in 
inactivation of its gene product, but still the introduction in trans of the wild type yhiD 
gene into the suct mutant did not restore the suc” phenotype. The suppression of the 
suct phenotype we found upon introduction of the wild type yhiF gene in trans in the 
suct mutants, strongly suggests that this gene is no longer expressed in strains with the 
suct phenotype. But it is unclear how the insertion of the mini-Tn5 in the yhiD gene 
might have affected the expression of the adjacent yhiF gene. 

Finally, the finding that moderate overexpression of the C4-dicarboxylate 
transporter stimulated the growth of E. coli strains on plates, irrespective of the absence 
or presence of a functional Ht-ATPase, strongly suggest that growth of E. coli on C4- 
dicarboxylates is significantly controlled by the C4-dicarboxylate transporter. Currently, 
we are quantifying the control of the C4-dicarboxylates carrier on the growth rate and 


the growth yield in liquid steady-state cultures in the suct mutants as well as the wild 
type E. coli strain. 
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SUMMARY 

The oxygen dependency of cytochrome c oxidase (COX) control on succinate 
oxidation was investigated in saponin-permeabilized human skeletal muscle fibers. For 
this cyanide titrations of the oxygen consumption in the presence of succinate + 
rotenone were performed at different oxygen concentrations in the medium. In analogy 
to data with mice skeletal muscle we observed below 50uM oxygen a flux control of 
COX close to unity. This result is in line with the high oxygen sensitivity of maximal 
respiration of saponin-permeabilized muscle fibers which is caused by oxygen diffusion 
gradients through the fiber lattice. In skeletal muscle fibers of a patient with COX 
deficiency we observed a flux control close to unity already below 100HM oxygen 
which can explain the pathological phenotype. 


INTRODUCTION 

The implication of mild cytochrome ¢ oxidase deficiencies observed in 
mitochondrial and some neurodegenerative diseases [1] remains not understood. This is 
due to the fact that the activity of cytochrome c oxidase is between 2- and 3-fold higher 
than the activities of the other enzymes of respiratory chain [2]. Therefore, a rather low 
flux control coefficient of this enzyme on mitochondrial succinate oxidation rate (about 
0.2) was observed [3]. A threshold value (at approximately 30% of its maximal activity) 
was detected [3], above which changes in cytochrome c oxidase activity should not 
affect ATP synthesis. Therefore, small activity changes should not contribute to the 
pathological phenotype, since the maximal mitochondrial ATP synthesis rate should 
remain unaffected. To resolve this apparent contradiction, we investigated the oxygen 
dependency of cytochrome ¢ oxidase flux control in saponin-permeabilized human 
skeletal muscle fibers. Our results indicate that the actual flux control coefficient of 
cytochrome c oxidase does not only depend on the maximal activity of the enzyme but 
also on the oxygen availability within the tissue. This can serve as explanation for the 
pathological phenotypes of cytochrome c¢ oxidase deficiencies in muscle and brain 
tissue. 


MATERIALS AND METHODS 

Preparation of muscle fibers: Muscle samples between 75 and 100 mg wet 
weight of M. vastus lateralis were obtained from biopsies of a patient with amyotrophic 
lateral sklerosis and orthopedic patients (controls, age between 50 and 70 years). About 
50 mg of m. quadriceps tissue from C57BL/10ScSn mice (obtained from Harlan) were 
used for the preparation of mice skeletal muscle fibers. Bundles of muscle fibers 
containing usually about 3 single fibers were isolated by mechanical dissection. The 
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saponin treatment was performed by incubation of the fiber bundles in a relaxing 
solution containing a 10 mM Ca-EGTA buffer (free concentration of calcium 0.1 1M), 
20 mM imidazole, 20 mM taurine, 49 mM K-MES, 3 mM K2HPO,, 9.5 mM MgCh, 5 
mM ATP, 15 mM phosphocreatine and 50 pg/ml saponin (pH 7.1) as described in [4]. 

Respiration measurements: The oxygen consumption of permeabilized fibers 
was measured at 25°C using an Oroboros oxygraph (Anton Paar, Graz) in a medium 
containing 5 mM MgCl., 60 mM KCl, 100 mM mannitol, 10 mM KH2PO,, 0.5 mM 
Na2EDTA and 60 mM Tris-HCl! (pH 7.4). 

Determination of flux control coefficients: Using specific noncompetitive 
inhibitors, the flux control coefficient of an enzyme i can be determined experimentally 
according to the following equation: 


C= - GIN) / 4p flax) (1) 


where J is the flux through the pathway, p,; the the concentration of a specific inhibitor 
of enzyme i and I,,,, is the maximal amout of inhibitor binding sites. Equation 1 was 
used for the calculation of flux control coefficients of cytochrome c oxidase. The 
maximal amount of cyanide binding sites in the samples (I,,,, , in nmol/mg protein or in 
nmol/mg dry weight) was determined from cyanide titration curves (performed under 
normoxic conditions) using nonlinear regression analysis, accounting for the 
dissociation equilibrium of the inhibitor as described in [4]. The initial slopes of the 
titration curves (dJ/dp,;) were obtained by linear regression of the first three points of the 
titration. Different oxygen concentrations were adjusted by argon/oxygen equilibration 
of the medium. In order to keep almost identical oxygen concentrations during the entire 
titration experiment, the potassium cyanide solutions used in the titrations, were made 
with oxygen equilibrated water (and kept in an oxygen atmosphere). The rate 


measurements were made after 2 min of equilibration with the inhibitor to reach a 
steady state. 


RESULTS AND DISCUSSION 


To study the metabolic consequences of the oxygen dependency of maximal 
respiration of saponin-permeabilized muscle fibers [4] we applied metabolic control 
analysis and determined the flux control coefficient of cytochrome c oxidase at different 
oxygen concentrations. For this we performed cyanide titrations of the succinate 
(+rotenone) oxidation rate in the presence of 1 mM ADP. To keep the concentration of 
oxygen in the measurement chamber at a constant value we used for the titration 
experiments oxygen equilibrated inhibitor solutions. Typical titrations of succinate 
respiration of saponin-permeabilized fibers from mice skeletal muscle at two different 
oxygen concentrations in the chamber are shown in Fig. 1. While under nearly normoxic 
conditions (190 4M oxygen, open circles) the initial slope of the titration curve is rather 
flat, indicating a low flux control coefficient, already at about 130 pM oxygen (filled 
circles) a steeper initial slope was detected. Moreover, the amount of cyanide, necessary 
to cause complete inhibition of respiration, decreased. For the calculation of flux control 
coefficients according to eq. | (cf. materials and methods) we determined the ‘initial 
slopes of the titration curves by linear regression of the first 3 points and used the value 
for the maximal amount of cyanide binding sites calculated by nonlinear regression 
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analysis of the complete titration curve under normoxic conditions. Using this procedure 
we observed at 177 1M oxygen a flux control coefficient of cytochrome c oxidase of 
0.14 and at 95 pM oxygen a flux control coefficient of 0.38. Similar experiments were 
performed with human skeletal muscle fibers at different concentration of oxygen in the 
chamber. 

From all titration curves we calculated the cytochrome c oxidase flux control 
coefficients and plotted the values versus the oxygen concentration (Fig. 2, filled 
circles). For saponin-permeabilized human fibers this dependency of cytochrome c 
oxidase flux control is very close to the oxygen dependency in mice skeletal muscle 
(compare with [4]). Already below 50 pM oxygen in the measurement chamber the flux 
control of cytochrome c oxidase approaches values of 1. 


Vresp, nmol O2/min/mg dwt 


[cyanide], pM 


Figure 1. Titration of respiration of saponin-permeabilized mice muscle fibers with 
KCN KCN titrations of mice skeletal musle fibers oxidizing succinate. 0.8 mg dry 
weight saponin-permeabilized fibers at 177 4M oxygen (open circles) or at 95 pM 
oxygen (filled circles) in the medium for respiration containing additionally 10 mM 
succinate, 10 pM rotenone and 1 mM ADP. To keep the oxygen concentration in the 
chamber nearly constant oxygen equilibrated cyanide solutions were used for the 
titration experiments. 
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Fig. 2: Oxygen dependency of flux control of cytochrome c 
oxidase in human skeletal muscle fibers 


flux control coefficient 


0 50 100 150 200 
[O,], »M 


The flux control coefficients were calculated from cyanide titration experiments at 
different oxygen concentrations in the measurement chamber (cf. Fig. 1). The 
calculations were performed on the basis of eq. 1 as described in Materials and 
Methods. Filled circles: controls; open circles: patient with COX deficiency. 

These data indicate that the influence of activity changes of cytochrome c 
oxidase on tissue energy metabolism should crucially depend on the oxygen 
concentration within the tissue. In agreement with earlier reports with isolated cardiac 
myocytes [5] we observed a strong oxygen dependency of maximal rates of respiration 
of saponin-permeabilized human muscle fibers. The phenomenon is most probably 
caused by oxygen diffusion gradients within the fiber lattice [5]. This possibility has 
been also predicted on the basis of theoretical considerations [6,7]. The oxygen 
dependency strongly affects the controlling influence of cytochrome c oxidase on 
mitochondrial oxidative phosphorylation at physiological oxygen concentrations in the 
muscle tissue. Below 50 1M oxygen the flux control coefficient of the enzyme becomes 
close to unity, e.g. cytochrome c oxidase is nearly exclusively rate controlling (cf. Fig. 
2, filled circles). Since saponin-permeabilized muscle fibers are a model of 
mitochondrial function in skeletal muscle under in situ -like conditions [4], the observed 
oxygen dependency of cytochrome c oxidase flux control can explain the pathological 
phenotypes of cytochrome c oxidase deficiencies in muscle. As shown in Table 1 under 
normoxic conditions even rather severe deficiencies (about 30 % of citrate synthase 
normalized control activity) only slightly affect the maximal rate of respiration of 
saponin-permeabilized skeletal muscle fibers (82 % of citrate synthase normalized 
succinate oxidation rate of controls): 
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Table 1. Rates of fiber respiration and enzyme activities in the skeletal muscle biopsy of 
a patient with amyotrophic lateral sclerosis having a severe COX deficiency 


controls (n = 24) 
succinate respiration : : 


glutamate respiration 
citrate synthase 


COX , 

NADH:cyt c ; 

Rates of respiration in nmol O,/min/mg dry weight, enzyme activities in U/g wet 
weight. 


However, as visible in Fig. 2, open circles, at lower physiological oxygen 
concentrations, when the flux control exerted by cytochrome c oxidase increases, 
deficiencies of this enzyme to a much larger extent affect the mitochondrial ATP 
production rate. Therefore, the availability of oxygen in the tissue should be considered 
as an important factor determining the pathophysiological consequences of a 
cytochrome c oxidase deficiency. 
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INTRODUCTION 

The jack bean protein Concanavalin A (Con A) acts as mitogenic lectin in T- 
cells. Con A-induced stimulation of thymocyte respiration forms part of a prototypical 
range of biochemical events, including increased transport of ions, an acceleration of 
phospholipid tumover, increased rates of amino acid transport, protein synthesis, and 
respiration [1]. Up to 80% of a population of the cells isolated from rat thymus respond 
immediately and reproducibly to Con A with an increase in oxygen consumption of 
around 30 - 40% [2], depending on the conditions. 

The top-down approach of metabolic control analysis provides an appropriate 
tool to handle the complex phenomenology of mitogenic activation. It allows us to 
explain in quantitative terms the overall effect of Con A on respiration at any chosen 
level of system resolution. We defined a conceptually simplified model system of rat 
thymocyte energy metabolism as described in [3] and used top-down regulation analysis 
[4] to address the question of how the system responses to Con A at different 


concentrations in the range 0 - 2 wg per 107 cells may be explained in terms of 
responses of the subsystems. The results show how the overall response of a particular 
subsystem can be dissected into direct responses to Con A and indirect ones via the 
other variables, and are in line with our previous observation of subsystem inhibition 
and stimulation patterns derived from elasticity analysis. 


METHODS 


Experimental 

Thymocytes were isolated from female Wistar rats (4-7 weeks old) as described 
in [3]. Briefly, rats were killed by cervical dislocation. The thymus was pressed through 
a nylon mesh and the cells were washed twice by centrifugation, diluted to a final 
concentration of 4.5 - 5.5 x 107 cells ml-! and kept at 37° C in RPMI 1640 with 
glutamine, without glucose, buffered with HEPES (pH 7.4). Oxygen 
consumption was measured in Clarke - type electrodes. Mitochondrial membrane 
potential within the cells (Ay,) was estimated in situ using []H]TPMP. In a typical 
experiment, 1.7 ml of cell suspension were incubated for two minutes with different 
amounts of Con A (0, 0.15, 0.5, 0.8, 1.0 and 2.0 yg per 107 cells, respectively). During 
this time, the cells were kept under an atmosphere of CO,/air (1:19) at 37° C in a plastic 
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vial, mounted onto a submersible stirrer. Subsequently, carriers (TPMP, TPB) and 
inhibitors (myxothiazol, oligomycin or myxothiazol in the presence of a saturating 
oligomycin concentration) were added. 0.5 ml of cell suspension were transferred into a 
1 ml thermostatted oxygen electrode chamber and [}H]TPMP was added to the 
remainder of the cell suspension. The separated aliquots were constantly gassed with 
CO,/air (1:19) and kept at 37° C for 20 min, then oxygen consumption was measured 
and [(HJTPMP distribution and ay, were determined by calculating [H]isotope spaces 
and using the equation given in [3]. 


Theoretical 

The conceptually simplified model system of thymocyte respiration consisted of 
a substrate oxidation block (producing mitochondrial membrane potential, Ay.) and the 
ATP turnover and proton leak blocks of reactions (consuming Ay.). Partial responses of 
the three subsystems to Con A were calculated from group elasticities to Con A and 
group control coefficients [5,6]. (The total response of a subsystem to Con A equals to 
the sum of partial responses to Con A via all subsystems.) Elasticities to Con A were 
determined from flux data, and elasticities to ay, were determined using the inhibitor 
titration data [5,6]. We made the practical assumption that each subsystem had a linear 
response to Ay, between adjacent measured values of ay,. Group flux control 
coefficients for the subsystems were then calculated from elasticities of the subsystems 
to the intermediate (Ay.) and the system fluxes at the resting conditions [7]. The 
possibility of crosstalk between subsystems via ATP was excluded through appropriate 
control experiments. No significant glycogen levels were detectable in thymocytes. 

Respiration data are presented as means + SEM (n=4 independent experiments). 


RESULTS 


The effect of Con A in the range 0 - 2 pg per 107 cells on steady state thymocyte 
respiration is shown in Fig. 1. The stimulation of respiration is represented by a bell- 
shaped dose-response curve; respiration was maximally stimulated at a concentration 


between 0.5 and 1.0 pg per 107 cells. At higher [Con A], the stimulation in respiration 
decreased, but it remained above the quiescent level. A similar pattern was observed for 
the rate of ATP turnover reactions (Fig. 1b), whereas the leak rate was hardly affected 
(Fig. 1c). 

Partial and overall response coefficients of the substrate oxidation and ATP 
turnover systems to Con A are presented in Fig. 2. From our data, we observe: 

(i) The change in subsystem activities upon variation in [Con A] can be broken 
down into responses that are consequences of direct effects on the particular block and 
effects on other blocks, communicated by interaction with other blocks through the 
intermediate. The substrate oxidation and ATP turnover systems each display direct and 
indirect responses to Con A, whereas the leak does not respond directly to the mitogen 
(data not shown). 

(ii) As a consequence of direct Con A effects, the substrate oxidation system 
displays small positive or (around [Con A] 0.8 pg per 107 cells) large negative partial 
response coefficients to changes in Con A. The direct response of the ATP turnover 


system to Con A is always positive and is maximal around 0.8 pg per 107 cells. These 
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results tie in with conclusions drawn from elasticity analysis (data not shown) that Con 
A inhibits the substrate oxidation system, but stimulates ATP turnover. As there is no 
direct effect of Con A on the leak, the direct effects on the two affected subsystems 
superimpose and combine to similar overall response coefficient profiles. 
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Figure 1. Thymocyte respiration in response to different [Con A]. a), total respiration 
(equivalent to the rate of substrate oxidation block of reactions); b), ATP turnover 
system; c), mitochondrial proton leak. No errors are shown for ATP turnover and proton 
leak rates, as these values were calculated (see [3]) and do not represent raw data. 
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Figure 2. Partial and overall response coefficients of substrate oxidation (panels a,c) 
and ATP turnover reactions (panels b,d) to Con A. O), direct response of a subsystem to 


Con A, 3) , indirect response of the subsystem to Con A via the other subsystem. The 
partial response coefficients shown in pairs in a (or b) add to the overall responses 
shown in c (or d) (= ). Note that proton leak is inelastic to Con A, therefore no effects 


are transduced via Ay, to the other systems; any responses of proton leak rate to Con A 
are secondary (data not shown). 
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INTRODUCTION. 


In the site of blood vessel injury, the enzyme cascade of coagulation is triggered. 
Its operation culminates in the formation of a dense fibrin clot (thrombus) sealing the 
wound. The cascade structure of the activation signal transduction [1, 2] and the 
presence of strong positive feedbacks [3] results in strongly nonlinear behavior of the 
system. In [4], it was shown by means of mathematical modeling that the response of 
this system to increasing levels of activation changes in a threshold manner. This seems 
to be the most reliable protection of the body from the spontaneous thrombus formation. 
The reactions involving protein C constitute a negative feedback in the coagulation 
system [5]. We developed a mathematical model [6, 7] to analyze the effects of these 
reactions on the dynamics of the system and showed that the main effect is the repeating 
concentration spikes of activated factors [7]. In this study, these oscillations were 
analyzed using a simplified model, which was obtained by reduction of the model 


described in [6]. It was shown that the autooscillations in the blood coagulation system 
can exist in a wide range of parameters. 


The model description. 


In [6], the model describing the coagulation kinetics of contact-activated blood 
was proposed. Specifically, the kinetics of eight coagulation factors - IXa, Xa, Ila 
(thrombin), II (prothrombin), VIIIa, Va, APC (activated protein C), and fibrin - was 
considered. Analysis of the model showed that it can be reduced to a set containing only 
two variables, thrombin and APC, and that the model thus simplified retains all basic 
properties of the initial system. 


The reduction resulted in the following set of equations: 


dIla_ky-CO .. — II. 
a : (ho +g: 88. 
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The following values of the constants were used: k,=20min"', h,=0.2min"', 
CO=0.3nM, k,=10°%min"', k,=0.17min", h,=h,=0.31min", k,,=0. 0033min", 
kjq =500min", k,=2.45min!, %)=2000min", ks 4=kgg=100nM“'min", hy9=1 00min" 
hs so=100min", k,=1.2nM"min", h,=Imin', h,=2.3min", k,,=0.0014min", h,,.=0.1 mir". 
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Here, k, and h, are the kinetic constants for the corresponding reactions of the 
coagulation cascade. Their selection and estimation of the values were described in detail 
in [6]. CO is the concentration of the upper-level factor of the coagulation cascade, which 
is used in the model to indicate the extent of activation of the system. 

The active coagulation factors are formed from their plasma precursors. To 
simplify the analysis, we ignored their consumption. Thrombin undergoes the most 
profound concentration changes during coagulation. Therefore, the term (1-IIa/Pt0) was 
added in order to confine the concentration of thrombin by the concentration of its 
plasma precursor prothrombin, where Pt0=1000nM is the prothrombin concentration. 


RESULTS. 

Analysis of the model was performed within the framework of qualitative theory 
of dynamical systems. The phase portraits presented below show the major nullclines 
(indicated by thick solid lines): dIIa/dt=0 (the nullcline of vertical tangents to phase 
trajectories) and. dAPC/dt=0 (the nullcline of horizontal tangents; this nullcline is a 
straight line). The number of points where these nullclines intersect varies from one to 
three, depending on the parameters of the system. These points correspond to the 
singular points. 


; Fig. 1. Phase-plane diagram for 

05. the low-activated system 

2 (CO=0.00001nM = and _ other 
5 0 parameters of the system are as 
indicated in the text). Part of the 

-0.5 0 atv nullcline of the first equation is 
Ila, nM very close to the APC axis, but 


does not coincide with it. 


First, let us consider how the phase portrait of the system changes with increasing 
activation (parameter CO in the first equation). If activation is very low (Fig. 1), there 
exists only one singular point (a circle in the Fig), which is located near zero. The 
concentrations of activated factors are also very low in this state and the liquid state of 
blood is stable. No fluctuations result coagulation. 

As the extent of activation increases, the nullcline of the first equation shifts 
upward. This leads to the appearance of three singular points (stable node, stable focus 
and an unstable saddle point between them; Fig. 2). The state of blood is bistable and 
depends on the initial concentration of active variables. Zero initial conditions result in 
that the system appears in the state that is characterized by low (underthreshold) 
concentrations of activated factors whose levels are determined by the presence of the 
stable singular point near zero. This state corresponds to liquid blood. However, from a 
certain initial level of thrombin, its concentration begins to increase sharply, and the 
system appears in the basin of attraction of the second stable point. This corresponds to 
the transition of the blood into the solid state. Figure 2 shows how low initial 
concentrations of thrombin could initiate the coagulation despite the underthreshold 
extent of activation (this phenomenon was found when the nonreduced model was 
analysed [6]). 
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Fig. 2. Panel A: The appearance of three singular points as the extent of activation of the 
system increases (CO=0.005nM). Panel B: Two singular points (the same as in Panel A) 
in the vicinity of the origin of coordinates shown on a larger scale (the third point is 
beyond the plot on this scale). Thick and thin solid lines are the nullclines and phase 
trajectories, respectively. 


ee ee Fig. 3. Phase-plane diagram for 
the system activated with a 
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0 trajectories, respectively. 
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From a certain threshold level of activation, only one singular point remains in 
the system. This point is a stable node corresponding to large concentrations of 
activated factors (Fig. 3). It is the case when the blood will always be coagulated. 

Thus, similar to earlier models [4], this model describes the threshold behavior 
of the system observed when the extent of activation increases. The first threshold value 
of activation corresponds to the transition of the system from a state with one singular 
point to the state with three singular points and allows the coagulation to be initiated at 
nonzero initial conditions. The second threshold value corresponds to the subsequent 
transition from three singular points to one stable point located far from zero. This 
means that plasma coagulates at any initial conditions. 
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Fig. 4. Phase portrait for the system 

with a_ strengthened negative 

feedback through APC 

(k,,=0.lmin', the extent of 

activation of the system C0=0.3nM 
1100 is the same as in Fig.3) 


APC, nM 


Ila, nM 


The bifurcations occurring when the extent of activation of the system changes 
were described above under the assumption that the rate of APC formation is not 
modulated by the presence of any effectors. However, it is known that this rate can be 
higher by several orders in the presence of thrombomodiulin [8]. In the model, the effect 
of thrombomodulin can be taken into account by the corresponding increase in the k,,. 
value. This changes the slope of the straight line (the nullcline of the second equation). 
The phase portrait changes as shown in Fig. 4. In all cases, only one steady state exists 
in the system. If the extent of activation is low, blood is liquid. The high extents of 
activation correspond to the solid state of the blood. Between these two extremes, a 
large range of activation values exist where the intersection point is on the ascending 
branch of the nullcline of the first equation. This single stationary solution is unstable 
(an unstable node), and the limit cycle exists in 
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Fig. 5. Concentrations of Ha 


= = (solid line) and APC (dashed line) 
500 75 = 3 3 
a 2) plotted against time (for the 
~ < corresponding _phase__ portrait 
0 0 Fig. 4). 


the system. Figure 5 shows the concentrations of both active variables plotted against 
time. This regime cannot exist endlessly in the real system. The oscillations will be 
damped. Nevertheless, analysis of the initial nonreduced model showed that the 
oscillatory regimes are possible in the coagulation system even if the depletion of the 
precursors is taken into account [7]. In this case, several damping pulses of the active 
factor concentrations are observed. Is this instability physiologically relevant? No direct 
experimental data exist to answer this question. However, our model study of spatial 
clot growth based on the equations of the nonreduced set [6] showed that this instability 
results in the appearance of several secondary waves of thrombin within the growing 
clot, with amplitudes increasing to the edge of the clot [7]. This consolidates the edge of 
the clot. It is of physiological importance, because the fragmentation of the clot with the 
consolidated edges is less probable that of the clot with loose edges. 
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INTRODUCTION 

Long-term alcohol consumption causes mitochondrial dysfunction associated 
with morphological changes and alterations in the activities of mitochondrial enzymes 
(e.g., electron transport chain and ATP synthase) in multiple tissues, including liver and 
heart. The implications of these changes for physiological function are poorly 
understood, and their characterization requires integrated and quantitative approaches to 
the control of energy metabolism in the tissue, such as, e.g., Metabolic Control Analysis 
(MCA). The present work characterizes changes in the kinetics and control of 
mitochondrial oxidative phosphorylation in isolated mitochondria from rat heart and 
liver following chronic ethanol consumption. We use Modular, or Top-down MCA, a 
recently developed analytical tool that enables the identification of the control exerted 
by the functional units (blocks of reactions) of the oxidative phosphorylation machinery, 
or other complex enzymatic pathways (for a recent review see, e.g., [1]). 

The importance of each step in controlling the pathway flux is given by a 
numerical value, referred to as the control coefficient of that step. This is defined as the 
fractional change in the steady-state flux divided by the fractional change in the activity 
of the step that caused the change in the flux, extrapolated to infinitesimally small 
change. Similarly, the control exerted by a block of reactions can be quantified as the 
(overall) control coefficient of the block (this is equal to the sum of the control 
coefficients of all the reactions of that block). Importantly, a control coefficient of a 
particular step or reaction block depends on the pathway structure and the kinetics of all 
the components of a system (rather than on the kinetics of that particular step or block). 
The kinetic properties, which ultimately determine the control distribution are given by 
the “local” sensitivities of individual steps or blocks of reactions to the relevant 
intermediates. These sensitivities are referred to as the elasticity coefficients. 

Top-down MCA provides a simple experimentally-based overview of how a 
complex system is controlled. Top-down analysis groups reactions into the integrated 
subsystems connected by common intermediates. By measuring the fluxes through the 
subsystems and their overall elasticities to explicit intermediates, the top-down approach 
calculates the overall control coefficients of the integrated blocks and gives a picture of 
the behavior and the regulation of the whole system. In this context, the oxidative 
phosphorylation system is conceptually divided into three subsystems: the respiratory 
subsystem (R) producing the proton motive force Ap (substrate translocases, 
dehydrogenases of TCA cycle and the complexes of the electron transport chain) and the 
two blocks of reactions that consume Ap, either coupled to ATP synthesis (i.e. the 
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phosphorylation subsystem (P), including the ATP synthase, ANT and phosphate 
carrier) or uncoupled respiration (proton leak (Z) and any other cation cycling 
reactions). At steady state the flux through the respiratory subsystem (JR) is equal to the 
sum of the rates of O, consumption needed to drive the phosphorylation subsystem (Jp) 
and the proton leak (Jz): Jr =Jp + J... 


METHODS 

Experiments were done on heart and liver mitochondria respiring on succinate 
from ethanol-fed rats and pair-fed control animals. Animals were fed a standard Lieber- 
DeCarli diet for 5-7 weeks, after which time the changes in respiratory activities in liver 
mitochondria are well-established. Heart and liver mitochondria were isolated in a 
Hepes (10 mM)-buffered mannitol (0.2M)-sucrose (0.05 M) (HMS) medium containing 
0.1 mM EGTA from the same animal pairs by standard differential centrifugation 
procedures, with a final wash in EGTA-free HMS medium. Mitochondria were 


incubated at 30 °C with succinate in a Hepes-buffered KCI medium in the chamber of a 
polarograph (Rank Brothers) fitted with a TPP*-electrode and an O, electrode for the 
simultaneous measurement of membrane potential and oxygen uptake rates. For 
determination of the proton motive force, Ap, the mitochondrial membrane potential 
was determined using a TPP*-electrode, applying corrections for TPP* binding; ApH 
and mitochondrial volume was measured in a sample of the mitochondrial suspension 
incubated with °H,O and “C-acetate or '“C-sucrose [2]. 

The kinetic dependence of each block of reactions, Z, R or P,-on Ap was 
measured by the following procedures (under conditions where ApH was nearly 
constant, A‘Y was monitored): (1) the dependence of Jz on A‘Y was determined by 
titration of mitochondria oxidizing succinate with malonate under the complete 
inhibition of Jp by an excess of oligomycin (so that Jp = Jz). (2) the dependence of JR 
on AY was determined in state 3 by titration with an inhibitor of the phosphorylation 
subsystem (carboxyatractiloside or oligomycin). (3) the dependence of Jp on A‘Y was 
determined in state 3 by titration with an inhibitor of the respiratory subsystem 
(malonate) and measuring the flux Jp. The flux Jp was calculated at each AY value by 
substracting Jy, (determined by procedure 1) from Jr (Jp=JR-JZ). 


RESULTS AND DISCUSION 

In State 3 (maximal phosphorylation activity) liver mitochondria from 
chronically ethanol-fed rats respiring on succinate exhibit lower respiration rates (122 + 
5 natom O/min.mg) than mitochondria from pair-fed control animals (159 + 5), whereas 
the membrane potential did not change significantly (142 + 3 versus 138 + 4 mV) (data 
from 3 pairs receiving ethanol for 5-6 weeks). In State 4 (resting state with minimal 
phosphorylation activity) both the respiration rate and the membrane potential did not 
differ between mitochondria from ethanol-fed and control animals. An explanation for 
these findings comes from Fig. 1, which presents the kinetic characteristics of the 
functional units of oxidative phosphorylation system. Fig. 1A shows the results of 
titration of mitochondrial succinate oxidation with malonate (an inhibitor of succinate 
dehydrogenase) in the presence of excess oligomycin to completely inhibit 
phosphorylation. Under these conditions the only load on the respiratory subsystem is 
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the proton leak through the mitochondrial membrane. Clearly, in liver mitochondria the 
dependence of Jz on AY was not affected by alcohol consumption. 

Titration of mitochondria in State 3 with carboxyatractyloside (an inhibitor of 
the adenine nucleotide translocator), which inhibited the phosphorylation subsystem and 
thereby raised Ap, gave us the kinetic response of the respiratory subsystem to changes 
in AY (Fig. 1B). In liver mitochondria from ethanol-fed animals oxidizing succinate the 
flux through the respiratory subsystem was significantly lower at AY values 
corresponding to State 3 (high respiration rates), but did not differ from control 
preparations at A‘Y values corresponding to State 4 (low respiration rates). We note that 
in State 4 neither A‘¥-supply (the respiratory subsystem), nor A‘¥-consumption 
(uncoupled respiration) were affected by alcohol treatment, and hence both the 
respiration rate and the membrane potential were similar in control and alcoholic 
animals. 
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Figure. 1. Dependencies of fluxes through proton leak VJ , panel A), respiratory 
subsystem (Jp, B), and phosphorylation subsystem (/p,C) on the membrane potential in 
liver mitochondria oxidizing succinate (10 mM) in State 3 (rotenone 24M). Control 
(O), ethanol-fed animals (@)_ 


In Fig. 1C the flux through the phosphorylation subsystem was examined over a 
wide range of A'¥ values by titration with malonate of State 3 succinate oxidation. In 
State 3 the main A‘¥-consuming system is the phosphorylation subsystem. Interestingly, 
in State 3 both respiratory chain and phosphorylation appeared to be inhibited by 
chronic alcohol feeding to almost equal degrees, resulting in significantly lower 
respiration activity of liver mitochondria, while maintaining practically the same AY 
level as in control animals. Therefore, in normal conditions, i.e. in the absence of 
physiological stress, the ATP/ADP ratio would be practically the same in mitochondria 
oxidizing succinate from control and ethanol-fed animals. However, large differences 
between the fluxes through the phosphorylation subsystem are evident at low values of 
the membrane potential (Fig. 1C), clearly showing that the ability to phosphorylate and 
transport ATP can be significantly impaired in liver mitochondria from alcoholic 
animals under conditions of physiological stress. For instance, stress conditions that 
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result in an increase in cytosolic Ca’* concentrations decrease the membrane potential; 
under these conditions it would be more difficult for mitochondria from ethanol-fed 
animals to maintain the necessary rates of ATP production in liver cells. 

The experiments carried out on heart mitochondria (3 pairs of animals receiving 
ethanol for 11 months) revealed dramatic differences between the functional 
consequences of chronic ethanol treatment for energy metabolism in heart and liver. In 
contrast to the liver, in heart mitochondria from ethanol-fed animals the respiration rates 
in State 3 were significantly higher than in control mitochondria (Fig. 2B). Moreover, 
this difference in respiration rate persisted at all the values of the membrane potential 
between States 3 and 4, and not only near State 3 as in liver mitochondria (Fig. 1). 
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Figure 2. Dependencies of fluxes through proton leak (Jz , panel A), respiratory 
subsystem (JR, B), and phosphorylation subsystem (Jp,C) on the membrane potential in 


heart mitochondria oxidizing succinate (10 mM) in State 3 (rotenone 21M). Control 
(O), ethanol-fed animals (@) 


A striking difference between heart and liver was found in the behavior of the 
proton leak (Fig. 2A) as a function of A'V. In heart mitochondria proton leak increased 
much steeper with an increase in A'¥ in alcoholic animals than in pair-fed control 
animals. This increase in proton leak matches the increase in the activity of the 
respiratory chain found in State 4. On the other hand, the differences in the activity of 
the phosphorylation subsystems were quite modest in heart mitochondria from ethanol- 
fed and control animals compared to liver mitochondria (Fig. 2C and 1C). 

From the kinetic dependencies shown in Figs. 1 and 2, the elasticities of three 
blocks of oxidative phosphorylation system on AY’ were determined. These elasticities 
were used to calculate the control coefficients of every block over the fluxes through the 
system. Interestingly, both in heart and liver mitochondria (respiring on succinate in 
State 3), the distribution of control exerted by different reaction blocks over respiratory 
flux remained practically unchanged in spite of various changes induced by ethanol diet. 
This reflects the compensatory mechanisms involved in adaptation to alcohol, helping to 
maintain bioenergetic function of tissues under non-stress condition. 

The findings reported in this study illustrate how mitochondria adapt to 
simultaneous changes in multiple components of the energy conversion system 
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following chronic ethanol consumption. Previous studies in the literature (reviewed in 
([3,4]) had demonstrated that ethanol treatment causes tissue-specific decreases in 
electron transport chain complexes as well as ATP synthase subunits and also affects 
phospholipids in the mitochondrial inner membrane. MCA provides the tools to 
investigate systematically how such multiple changes affect the integrated function of 
the mitochondria. The top-down analysis employed here detected changes in 
mitochondrial energy conservation that are highly tissue-specific: (1) after two months 
of feeding an ethanol diet, the proton leak in liver mitochondria was not affected, 
whereas 11 months of ethanol feeding was associated with a 20-30% increase in proton 
leak in heart mitochondria; (2) the respiratory chain activity was inhibited in liver 
mitochondria in State 3, whereas the activity was increased in the heart; (3) the 
phosphorylation subsystem was inhibited in ;liver mitochondria over the entire range of 
respiration rates, whereas there were no pronounced ethanol effects on the 
phosphorylation subsystem in heart mitochondria. A more detailed analysis of the time 
dependence and tissue specificity will be presented in future papers. 
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INTRODUCTION 


Paracoccus denitrificans is a Gram-negative facultative anaerobic bacterium that 
is found in soil, sewage or sludge. Because its environment is subject to changes 
especially with respect to substrate availability and oxygen concentrations, it has 
evolved the capability of employing many compounds as electron donors to terminal 
electron acceptors of its electron-transfer chain. An example of variegated electron 
routing is the electron flow towards oxygen. Under aerobic heterotrophic growth 
conditions electrons can flow from NADH-dehydrogenase and succinate-dehydrogenase 
to three different types of terminal oxidase, two of which are cytochrome c oxidases 
(cytochrome aa3 and cytochrome cbb3), and one of which is a quinol-oxidase 
(cytochrome ba3). There are two branch points, the first branch point is at ubiquinol 
(QH?2) where the electrons may flow to the quinol-oxidase or to cytochrome bc}. The 
second branch point is at the level of cytochrome c, where the electrons may flow to 
either of the two cytochrome c oxidases (reviewed by [1] ). 

Because cellular control systems are hierarchical [2, 3], the control of the 
electron flux to the three terminal oxidases may be through adaptation of gene 
expression or metabolically. The distribution of electrons through the different pathways 
depends partly on the adaptation of gene expression: Cytochrome aa3 is expressed at 
atmospheric oxygen tensions, while cytochrome cbb3 is expressed predominantly at low 
oxygen tensions [4] . Little is known about the induction profile of cytochrome ba3. So 
far, only the transcription regulator, FnrP, which is involved in the regulation of 
expression of the terminal oxidases, has been identified [5-7] . Metabolic control relies 
on the kinetic properties of individual components of the network. 

We investigated whether or not the redox-state of Q could be involved in the 
metabolic control of the distribution of the electrons over the two quinol-oxidizing 
branches in P. denitrificans. By making correlations between the oxygen consumption 
rates and the fractions of reduced Q, we found that the quinol-oxidase pathway becomes 
active at higher Q reduction than the pathway involving cytochrome bc}. 
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MATERIALS AND METHODS 

The following strains of P.denitrificans were used: the wild-type strain Pd1222 
[8] , the quinol-oxidase-negative mutant Pd2621 (cyoB::Km‘), devoid of cytochrome 
ba3 [9] , and the bc)-negative mutant Pd2421 (f/6cC::Km'‘), devoid of cytochrome bc; 
[10]. 

Cells grown aerobically on mineral batch medium for P. denitrificans [11, 12] , 
were harvested in the exponential phase. Cells were washed twice in 100 mM Tris/HCl, 
pH 7.5 at 4°C and suspended in the same buffer to an optical density of 50 cm:! at 660 
nm. For the isolation of membrane fractions, the cells were broken in a French Pressure 
Cell. Cell debris was removed and the supernatant was centrifuged. The pellet was 
resuspended in 0.1 M Tris/HCl pH 7.5, and will be referred to as "membrane fraction". 
Because the membrane fractions were isolated in similar ways, we considered that the 
membrane fractions were oriented in homogenous matter in all cases. Protein 
concentrations were determined by the modified Lowry procedure [13] with bovine 
serum albumin as a standard. 

Oxygen consumption rates of membrane fractions and whole cells were 
measured polarographically with a Clark type oxygen electrode in 1 ml Tris/ HCI pH 
7.5 at 25°C. Succinate was added to membrane fractions as electron donor. To inhibit 
the electron input rates, various concentrations of malonate were used. 

In each assay, samples were taken for quinone and quinol extraction at steady 
states of respiration. Ubiquinone 10 and ubiquinol 10 were extracted from membrane 
fractions as described for plant mitochondria [14] . The fraction of quinone and the 
fraction of quinol in the Q-pool were determined by HPLC. 

To compare sets of titration data, all sets were fitted with power functions 


-where y is the oxygen-consumption rate and x is the fraction quinol in the Q-pool. | 


RESULTS 
By modulating specifically the activity of the quinone reducing pathways, the 
rate of electron transfer through the quinol-oxidizing pathways should vary only 
because of variation of the concentrations of substrates and products of the latter. By 
measuring both the steady state oxygen consumption rate and the fraction of reduced Q, 
the dependence of the QH> oxidation rate on the Q redox state could be determined, 
provided that the Q reduction and the QH? oxidation reactions only influence each other 
through that redox state. This method was applied to the wild-type, a bc-negative 
mutant which only has an electron transfer pathway towards the quinol-oxidase, and a 
quinol-oxidase-negative mutant. In membrane fractions, succinate was employed as the 
electron donor. The electron input rates were attenuated by titration with malonate, a 
competitive inhibitor of succinate dehydrogenase. The membrane fractions of the bc)- 
negative mutant consumed oxygen at higher fractions of quinol in the Q-pool than did 
the membrane fractions of the wild-type strain (Fig. 1). These findings suggest that the 
apparent Km for QHp2 of the quinol-oxidase is so high as to prevent flux through this 
branch in membranes of the wild-type cells. This prediction is confirmed by the kinetics 
of the membrane fractions of the quinol-oxidase-negative mutant: Oxidation of QH2 
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occurred at equally low redox states of the Q-pool as do the membrane fractions of the 
wild-type. 


DISCUSSION 

The redox-state of Q regulates the distribution of electrons between the quinol- 
oxidase and the bc) pathway in P. denitrificans. We conclude this from the comparison 
of dependencies of the oxygen consumption rates on the redox-state of Q in membrane 
fractions of the wild-type, the quinol-oxidase-negative mutant, and the bc)-negative 
mutant. We found that the flux through the electron transfer route to the quinol-oxidase 
in the membrane fractions of the bcj-negative mutant became significant only at 
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reduction levels of the Q-pool almost twice as high as compared with membrane 
fractions of the wild-type and the quinol-oxidase negative mutant (Fig.1). The kinetics 
of oxygen consumption relative to the redox-state of Q in the latter two strains was 
nearly identical, indicating that electron transfer routes in the wild-type strain are 
dominated by those terminating in cytochrome c oxidases. Flux in the wild-type 
membranes prefers the bc; dependent route. Although we were not able to determine for 
all respiratory chain compounds whether or not their amounts were identical in wild- 
type and mutant strains, we don’t think that possible differences will have consequences 
on the interpretation of the results. 

An other factor that determines the distribution of electrons in P. denitrificans is 
the membrane potential. The membrane potential during respiration in whole cells and 
membrane fractions is different. In whole cells the dependence of the QH? oxidation 
rate on the Q redox-state appeared to be much weaker than in the isolated membrane 
fractions (results not shown). The elasticity ("Hill") coefficient was 1 rather than 3.7. 
The quinol-oxidase-negative mutant cells and the bcj-negative mutant cells exhibited 
quinol oxidation kinetics that were fairly similar to that in the wild-type cells. However, 
when we uncoupled the cells the correlations of the wild-type and the two mutants 
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denitrificans. 

———p> = metabolic control 

—— @ = gene-expression control 
became more like those we found in the membrane fractions (results not shown). This 
suggests that part if not all of these different correlations were the result of differences 
in membrane potential. 

It has been proposed that in P. denitrificans the redox potential of (one of the) 
components of the respiratory network upstream the bc, complex is sensed by the 
transcription regulator FnrP, and regulates its activity [6]. The redox-state of Q and also 
the membrane potential may be sensed by FnrP or other regulatory proteins, which 
results in enhanced or attenuated expression of respiratory enzymes. Here we have 
shown that QH2/Q also engages in metabolic regulation. Consequently, the redox-state 
of Q and the membrane potential may be involved in both metabolic and gene- 
expression control of the respiratory network of P. denitrificans. Figure 2 shows a model 
of this metabolic and gene-expression control by the redox-state of Q and the membrane 
potential. 
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INTRODUCTION 

. Calcium ions within the physiological range of concentration (reaching 1 uM 
with cytosolic Ca’* pulse in heart and liver [1]) stimulates mitochondrial respiration and 
ATP synthesis effectively by acting in a coordinated manner on several steps [2]. Any 
disturbance of processes involved in maintaining of Ca** homeostasis within the cell 
leads to an increase of cytoplasmic Ca** concentration above the physiological level and 
the resulting Ca** overload has been assumed to be of key importance in deterioration of 
cell function in many conditions [3]. The main role in mitochondrial damage by Ca” 
overload is commonly prescribed to the opening of the mitochondrial permeability 
transition pore [1,4]. Our results show that Ca’* accumulation reversibly and severely 
affects mitochondrial oxidative phosphorylation under conditions in which permeability 
transition pore remains closed [5]. We investigated the effect of increase in Ca” 
concentration from 1 4M to 30 uM on different parts of mitochondrial oxidative 
phosphorylation system using the kinetic elasticity analysis [6] and the results showed 
[5] that calcium uncouples oxidative phosphorylation and inhibits both the respiratory 
subsystem and the phosphorylating subsystem in heart mitochondria respiring on 
succinate. In this study, the relative importance of deleterious Ca** action on separate 
blocks of oxidative phosphorylation in the resulting overall inhibition is quantified and 
compared for oxidation of succinate and pyruvate+malate. 


METHODS 

Mitochondria were isolated from the hearts of several male Wistar rats. The tissue 
was cut into small pieces and homogenized in a buffer containing 160 mM KCl, 10 mM 
NaCl, 20 mM Tris-HCI, 5 mM EGTA and 1 mg/ml BSA (pH 7.7). The homogenate was 
centrifuged at 450 g, and the obtained supernatant was centrifuged at 6300 g. The 
mitochondrial pellet was resuspended in a buffer containing 180 mM KCI, 20 mM Tris- 
HCl and 3 mM EGTA (pH 7.35) to approximately 50 mg/ml protein and stored on ice. 
The protein concentration was determined by the biuret method. 

Respiration and membrane potential of mitochondria were measured in a closed, 
stirred and thermostated 1.5 ml vessel fitted both by a Clark type oxygen electrode and a 
tetraphenyl-phosphonium (TPP”) selective electrode. The experiments were performed 
at 37°C using 5 mM succinate (plus 1 4M rotenone) or 1 mM pyruvate + 1 mM malate 
as substrate, and 0.4 mg/ml mitochondria. Concentrations of free Ca’* (11M or 30 pM) 
and Mg”* (1 mM) in the incubation media were stabilized by EGTA and nitrilotriacetic 
acid (NTA) buffers and calculated using the apparent stability constants for NTA [7] 
and EGTA [8], and the program published by Fabiato and Fabiato [8]. The free 
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concentrations of Ca’ in experimental solutions were verified by a fluorescent calcium 
indicator Calcium Green-SN (Molecular Probes) and were within a few percent of 
calculated values. The rate of mitochondrial respiration corresponding to the rate in state 
3 was registered after addition of 1 mM ATP to the incubation medium containing 110 
mM KCl, 10 mM NaCl, 30 mM Tris-HCl, 5 mM KH,PO,, 1 mM EGTA, 5 mM NTA, 1 
mM dithiotreitol, 50 mM creatine, excess of creatine kinase, and 0.875 mM CaCl, (1 
uM free Ca’*) plus 5.17 mM MgCg, (1 mM free Mg”) either 1.5 mM CaCl, (30 »M 


free Ca") plus 4.8 mM MgCl, (1 mM free Mg”*), pH 7.2. The reversibility of Ca’ effect 
was tested by addition of 2 mM EGTA (equilibrated by Trizma base to pH 7.2) to 


mitochondria already preinhibited by 30 1M Ca”. 


RESULTS AND DISSCUSION 

Heart mitochondria sustain an exposure to much higher external Ca™* 
concentration than liver mitochondria do. At 30 1M external Ca” and in the presence of 
succinate (+ rotenone) or pyruvate+malate and Mg”*, ATP, ADP they are still capable to 
phosphorylate and to maintain the membrane potential. Although the permeability 
transition pore remains closed [5], Ca’* overload severely affects mitochondrial 
oxidative phosphorylation. The rate of respiration in state 3 with succinate is inhibited 
by 25%, whereas with pyruvatetmalate by 61%. After addition of 2 mM EGTA to 
mitochondria already inhibited by 30 4M Ca” the rate of respiration with both 
substrates in state 3 was slowly restored and this restoration was abolished by 200 pM 
diltiazem indicating that 2Na*/Ca” efflux is responsible for the reversal. 

The elasticity kinetic analysis was applied to distinguish which blocks of 
Teactions (inner membrane permeability to ions, respiratory subsystem - or 
phosphorylation subsystem) are effected by Ca** in heart mitochondria oxidizing 
succinate and pyruvate+malate. For this, we determined the dependencies on 
mitochondrial membrane potential (A‘Y) of a) the flux through the respiratory subsystem 
(J,) which includes substrate transporter, succinate dehydrogenase and complexes of the 
respiratory chain, b) the flux through the phosphorylation system (Jp) and c) membrane 
leak (J,) by titrating the rate of respiration and AY with a) an inhibitor of 
phosphorylation subsystem (oligomycin), b) with an inhibitor of the respiratory chain 
(malonate or rotenone) and c) an inhibitor of the respiratory chain (malonate or 
rotenone) in the presence of an excess of oligomycin, respectively (as described in more 
detail by Hafner et al. [6]). One could measure changes in Ap as changes in A‘Y without 
introducing a significant error under the conditions when ApH values and changes are 
small. Measurement of ApH in our experiments [5] confirmed that this was so. 

For both substrates, Ca’* overload resulted in inhibition of both the respiratory 
subsystem and the phosphorylation subsystem and in partial uncoupling of 
mitochondria. By measuring the kinetics of the separate subsystems of the oxidative 
phosphorylation machinery we showed that the strongest effect of Ca’* on succinate 
oxidation is the inhibition of the phosphorylation (-86% at 151 mV) respiratory 
subsystem is inhibited moderately (-12% at 164 mV), and permeability to ions 
substantially increases (+216% at 164 mV). As a result, AY in State 3 increases from 
15142 to 16443 mV. The effect of Ca” on the kinetics of the membrane permeability is 
completely abolished by addition of 0.5 1M ruthenium red to mitochondria which were 
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preincubated already for 3 minutes with succinate at 30 u»M Ca” (for accumulation of 


Ca” inside and uncoupling). Therefore we conclude that the increased rate of Ca” 
cycling across the inner mitochondrial membrane at 30 pM Ca” is responsible for 


partial uncoupling of oxidative phosphorylation. Our results show that the rate of Ca” 
cycling at 30 14M Ca” accounts for 53% of the respiration rate (i.e., 89 natom O/min per 


mg) in state 3. In other words, the cycling of Ca’ becomes significant enough to be 
considered as the third component of the A‘¥-consuming system in addition to the 
proton leak and the phosphorylation subsystem. 

For pyruvate + malate, inhibition of the respiratory subsystem is much more 
pronounced (-72% at 137 mV) than that for succinate and therefore A‘Y in State 3 
decreases from 137+1 mV to 125+4 mV, although phosphorylation is also considerably 
inhibited (-78% at 125 mV) and membrane permeability to ions increased (+50% at 137 
mV). The results are summarised in table 1. 


Table 1. The effect of Ca”* concentration on 5 mM succinate + 2 1M rotenone and 1 
mM pyruvate + 1 mM malate oxidation in heart mitochondria (state 3). 


TuM Ca” | 30 uM Ca | 1 aM Ca | 30 uM Ca 


*. statistically significant effect of Ca2t (p<0.05). 


The relative Ca’* effect (in %) on respiration of mitochondria in state 3 both with 
succinate and pyruvate + malate stays of the same magnitude regardless to the presence 
of cytochrome c (30 1M) in the medium indicating that Ca”* inhibition of the respiratory 
subsystem is not due to facilitated by Ca”* cytochrome c release from mitochondria. 

The determined flux dependencies of proton leak, respiratory chain and 
phosphorylation subsystem on AY at two concentrations of Ca”* were used to calculate 
elasticities.and control coefficients (shown in table 2) of these three blocks of reactions 
using equations described by Hafner et al. [6]. 
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Substrate pyruvate + malate 


J, natom O/min per mg 129411* 
Jp, natom O/min per mg 31248 129+10* 296415 
16423* 13741 1254* 


J~, natom O/min per mg 346411 258+12* 329414 129+6* 


Table 2. The control coefficients of membrane leak, respiratory chain and 
phosphorylation subsystem over the rate of heart mitochondrial respiration 
(Ci,C2:,C#*) and phosphorylation (C7’, Cz’, Cp’) with succinate and pyruvate + 
malate in state 3 at two different Ca’* concentrations. 


[cr____—oaosoa2 [2700s |-0092001 [O° 
Gr [oaeso0s — [osux006" [0.70.02 [o* | 
0770.01" 


*- statistically significant effect of Ca2+ (p<0.05). 


The results show that at 1 4M of external Ca” the main control over the 
respiration and phosphorylation rates for both substrates (in state 3) is exerted by the 
respiratory subsystem with the contribution of phosphorylation subsystem being slightly 
higher in the case of pyruvate + malate. Increase of Ca”* concentration to 30 1M leads to 
severe changes in the kinetics of all three subsystems and these changes are 
qualititatively similar for both substrates, however some components of the respiratory 
subsystem involved only in pyruvate + malate oxidation are much more sensitive to 
inhibition by Ca’. For both substrates, 30 4M Ca”* induced an essential shift in the 
distribution of the rate control from the respiratory chain to the leak and to the 
phosphorylation subsystem. Although the control coefficients of the leak and 
phosphorylation subsystem increased significantly, the respiratory chain still retained 
the main part of the control over the rate of respiration. However, the control over 
phosphorylation flux was more prominently shifted by Ca”* to the prevailing role of the 
phosphorylating subsystem. 

The results obtained allow to estimate the relative contribution of the inhibition 
of A'¥-producing block and of A'Y-consuming block to the overall inhibition of 
mitochondrial respiration rate by Ca”*. In the framework of Metabolic Control Analysis 
such a contribution is quantified as a partial response coefficient of a particular 
subsystem to Ca”* [9,10]. The calculated contribution of AW-producing and A'Y- 
consuming blocks of reactions to the response of mitochondrial respiration to Ca” 
overload is 45% and 55% for succinate oxidation, 72% and 28% for pyruvate + malate 
oxidation, respectively. 
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INTRODUCTION 


Mitochondrial adenine nucleotide carrier (ANC) is a key energetic link between 
the mitochondrial and the cytosolic compartments of aerobic eukariotic cells. It 
catalyzes an electrogenic exchange of ATP and ADP across mitochondrial membrane, 
driven by the , and the control exerted by this step depends on tissue and metabolic 
conditions (e.g. rate of respiration and ADP-regenerating system used). 

In isolated mitochondria, polyunsaturated fatty acids (PUFA) deficiency leads to 
an increase in non ohmic proton leak and in redox slipping [1]. But, these results 
obtained on isolated mitochondria cannot be directly extrapolated to oxidative 
phosphorylation in intact cells. Indeed, in hepatocytes from PUFA-deficient rats as 
compared to controls, we have previously reported a significant increase in oxygen 
uptake associated with a decreased cytosolic ATP/ADP ratio while mitochondrial 
ATP/ADP ratio was unaffected [2]. This could be explained either by a decrease in the 
protonmotive force related to the uncoupling effect, or by an increase in kinetics 
constraints at the level of the adenine nucleotide carrier or by both. The aim of this work 
was to further investigate the consequences of polyunsaturated fatty acids deficiency on 
control of respiration of isolated rats liver cells and mitochondria. 


MATERIALS AND METHODS 


Hepatocytes were isolated [3, 4] from male Wistar rats fasted for 20-24 h. The 
deficiency in PUFA was obtained in male weanling Wistar rats (60 g), fed for at least 6 
weeks a control or a PUFA deficient diet [1]. Liver cells (10-12 mg dry cells/ml) were 
incubated at 37°C in 2.5 ml of Krebs-Ringer-bicarbonate buffer (pH 7.4) saturated with 
O,/CO, (19:1) in presence of dihydroxyacetone (20 mM), octanoate (4 mM) and with or 
without 50 pM 2,4-dinitrophenol (DNP). After 25 min of incubation, oxygen 
consumption was measured polarographically at 37°C by using a Clark electrode and 2 
ml of the cell suspension. After two minutes, myxothiazol (2 g/ml) was additioned in 
the oxygraph vessel, in order to abolish mitochondrial respiration activity. 
Mitochondrial respiration in intact cells was the oxygen consumption sensitive to 
myxothiazol. In addition, at the same time (25 min) 300 1] of the cell suspension were 
taken and mitochondrial and cytosolic contents were separated by using the digitonin 
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fractionation method [5]. ATP and ADP were measured by HPLC as described in [6] 
and Pi as described in [7]. 

Livers cells were incubated for 25 min in a Krebs-bicarbonate medium containing 
20 mM dihydroxyacetone, 4 mM octanoate additionned or not by 50 pM DNP, and in 
presence of radiolabelelled probes : (i) cell and mitochondrial matrix volumes were 
determined by subtracting either ['‘C]-carboxymethylinulin or ['*C]-mannitol spaces 
respectively from water space determined by °H,O, (ii) mitochondrial membrane 
electrical potential difference measurement in intact cells were performed by using 
distribution of H]-TPMP’ [8}. 

Rat liver mitochondria were isolated as described in [9], and incubated in a 
medium containing 250 mM sucrose, 1 mM EGTA, 10 mM Tris-HCl (pH 7.2), 5 mM 
Tris-Pi, 6.25 mM glutamate, 1.25 mM malate and 1 mM ADP at 37°C. The respiratory 
rate was modulated by addition of carboxyatractyloside (a quasi-irreversible inhibitor of 
the ANC). 

ATPase activity was measured at 37°C in a medium containing 250 mM sucrose, 

1mM EGTA, 10 mM Tris-HCl (pH 7.2), 5 mM succinate, 5 mM ATP, 2 pg/ml 
myxothiazol and 0.4 4M CCCP. ATP hydrolysis was quantified by determination of Pi 
production [7]. 
Western blot analysis were performed on isolated mitochondria with rabbit antibodies 
raised against an 11-residue synthetic peptide corresponding to the C-ter sequence of the 
ANC [10]. After incubation with peroxydase-labeled protein A, the immunoreactive 
proteins were detected by autoradiography. 

Results are expressed as mean+S.E.M., statistical analysis were done by using 
ANOVA. 


RESULTS AND DISCUSSION 


Comparison between DNP-uncoupling and effect of PUFA deficiency. 


Control PUFA deficiency 
cyto mito cyto mito 


Control+DNP 
mito 


Condition 


JO, 


40.10£1.51° 40.80+1.52° 


30.30+1.14 


Volume .| 0.9840.06 | 0.3140.02 | 0.69+0.09° | 0.63+0.03° | 0.95+0.08° | 0.33+0.01° 
ATP/ADP | 6.1740.53 | 2.0840.11 | 4.23+0.11° | 1.96+0.03° | 1.4640.18°> | 1.6640.12°5 
Pi(mM) | 4,5940.73 | 15.6820.34 | 8.46£1.35° | 7.3940.35° | 5.1420.90° | 14.88+0.63° 
AG’p 51.70£0.39 | 45.6040.08 | 49.2140.40° | 47.40+0.12° | 47.6340.64°5 | 45.1540.18°° 
AY (mv) -17644 -14748° -15148° 
AG’p cyto , : 
AG’p mito 1.1338+0.0079 1.0383+0.0088 1.0552+0.0168 


Table 1: Hepatocytes from control and PUFA deficient rats were incubated as described 
in Materials and Methods. Oxygen uptake are expressed in natom O/min/mg dry mass, 
volume in pl/mg dry mass. AG’p (kJ/mol) were calculated from ATP, ADP and Pi 
concentrations in cytosolic and mitochondrial compartments. Results are meantS.E.M. 
(n=8). p<0.05 : ° vs control, * vs PUFA deficiency. 
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As already described in [2], Table 1 shows that hepatocyte oxygen uptake was 
significantly increased (by 30%) in the PUFA-deficient group compared to controls as 
well as the mitochondrial volume while the the cytosolic space was significantly 
reduced. Measurements of cytosolic and mitochndrial ATP, ADP and phosphate led us 
to calculate cytosolic and mitochondrial AG’p. Cells from PUFA exhibited a significant 
decrease in cytosolic AG’p whereas AG’p increases in mitochondria. The ratio of 
cytosolic AG’p over mitochondrial AG’p (AG’p ratio) is the consequence of both the 
electrogenic nature of the ANC and the degree of displacement from equilibrium. This 
ratio as well as the electrical potential difference across the mitochondrial membrane 
(AY) were lower in the PUFA deficient group. Protonophore (2,4-dinitrophenol or 
DNP) was added (50 1M) in order to mimic precisely the effect of PUFA deficiency on 
respiration. Table 1 shows that for similar respiratory rate and AY, cytosolic and 
mitochondrial AG’p were significantly higher in PUFA deficient than in DNP- 
uncoupled controls. So we can concluded that PUFA deficiency does not behave as a 
slight « protonophoric like » effect. While, a classical protonophore uncoupling is 
accompagnied by a decrease in the three forces involved in the oxidative 
phosphorylation pathway (i.e. mitochondrial redox potential, AG’p and_ the 
protonmotive force) [11], two of these forces are not affected by PUFA deficiency : 
mitochondrial redox potential (see [2]), and mitochondrial AG’p (see tablel). Hence the 
value of the AG’p ratio in PUFA deficient cells is probably the result of kinetic changes 
at the level of enzymes involved in the phosphorylating pathway (ANC, ATPase or 
phosphate carrier), rather than a pure effect via protonmotive-force change. 


Effect of PUFA deficiency on ANC 


State 3 respiratory rate of liver mitochondria isolated from control and PUFA-deficient 
rats has been titrated with carboxyatractyloside (see Figure 1). 


Figure 1. Titration of state-3 mitochondrial 
preparations in each respiration of liver 
mitochondria group isolated from control 
and PUFA-deficient rats by 
carboxyatractyloside (CAT). 

Mitochondria were incubated as described 
in Materials and Methods. The respiratory 
rate, expressed as percentage of state 3 
respiratory rate, was modulated by addition 
of CAT. One typical experiment is shown 
(similar results were obtained in seven other 
experiments from four rat liver 
mitochondrial preparations in each group). 0 50 100 150 200 250 30 

[CAT] pmol/mg protein 


State 3 respiratory rate (% inhibition) 
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ANC FLUX CONTROL AND CATMAXIMAL INHIBITION 


Cc JO2 
Condition ANC Imax 
Control 0.29+0.04 144411 
PUFA deficiency 0.5240.06° 109+12 


Table 2. Imax (pmol/mg proteins) correspond to minimal inhibitor’s quantity necessary 
for maximal inhibition of the respiratory rate. Results are mean+S.E.M. (n=8). 
* p<0.01 vs control. 


The flux control coefficient of ANC is significantly higher in PUFA deficiency 
while the maximal inhibition in state 3 respiration was obtained for a similar amount of 
inhibitor. 

Moreover, western blot analysis have been performed on isolated mitochondria 
with anti-C-terminal peptide antisera against ANC. This antiserum labelled specifically 
a zone of molecular weight of about 30 000 and corresponding to the ANC protein [10]. 
Our results show that when the same concentration of mitochondria is used in blot, the 
quantity of immunoreactive ANC is almost unchanged in PUFA deficient versus control 
group (84+14 % of control group content, NS). 

Hence, given the fact that CAT and ANC binding is in a one-to-one stoichiometry, 
the non significant change in Imax may be interpreted as a lack of effect of PUFA 
deficiency on ANC transcription. Moreover, the significant effect on ANC flux control 
coefficient is in favor of an effect on ANC activity. Given the large change observed in 
lipid content of the mitochondrial membrane in PUFA deficient cells [1], these results 
could be interpreted as an effect of membrane phospholipids on ANC activity [12]. 


Effect of PUFA deficiency on ATPase/ATP synthase 

ATPase/ATPsynthase activity was significantly higher in PUFA deficient than in 
control group : 4141 versus 3041 nmoles Pi/min/mg proteins respectively (p<0.001). 
Such increase in ATPase activity could explain our previous report concerning the lack 
of change in state-3 J,,;p together with a strong decrease in p in isolated mitochondria 
from PUFA-deficient rats [1]. Moreover the increase in ATPase/ATPsynthase activity 
may also explain the increase in mitochondrial ATP/ADP ratio, but the discrepancy in 
the change of cytosolic and mitochondrial G’p between DNP-uncoupled controls and 
PUFA-deficient cells remains to be explained. 

In conclusion, PUFA deficiency induces several changes in oxidative 
phosphorylation which are much more complex than a single protonophoric effect. This 
effect of PUFA deficiency includes several membranal enzyme changes (glycerol-3- 
phosphate dehydrogenase [2], ATPase, ANC), as well as changes in ANC kinetic 
properties. The effect of PUFA-deficiency on Pi concentration (increase in the cytosol 
and decrease in the matrix) is in favor of an effect on the phosphate carrier. These 
modifications could be related to membrane lipid. Taken together, these results show 
that PUFA deficiency leads to an increased respiratory rate, a decrease in protonmotive 
force, an increase ATPase/ATPsynthase activity and an inhibition of ANC. Inhibition of 
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ANC together with activation of ATPase/ATPsynthase appear to play a crucial role for 
increasing mitochondrial phosphate potential. Studies are in progress in order to 
discriminate between an effect due to a change in protein transcription (change on 
isoform of ANC) or to an effect of membrane lipid composition. Hence it is not possible 
to propose that PUFA deficient cells are modified solely by one unique and well 
characterized alteration. 
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INTRODUCTION 

DNA isolated from the prokaryotic cell is usually negatively supercoiled, i.e. the 
linking number of covalently closed DNA molecules is lower than it would be in the 
relaxed state [1]. There are at least two enzymes which have the potential to control the 
level of DNA supercoiling: topoisomerase I, a type I topoisomerase, which relaxes 
negatively supercoiled DNA, and DNA gyrase, a type II topoisomerase, which 
introduces negative supercoils in the DNA by coupling the reaction to ATP hydrolysis. 

The genes encoding topoisomerase I (topA) and DNA gyrase (gyrA and gyrB) 
are among the genes that respond to changes in the level of DNA supercoiling: the 
expression of the DNA gyrase is highest when the level of DNA supercoiling is low [7] 
and the expression of topoisomerase I, is stimulated by high levels of negative 
supercoiling [8]. This feedback on the level of gene expression may contribute to a 
homeostatic control of DNA supercoiling [7]. 

Homeostatically controlled systems have not been widely studied in terms of 
control analysis. In traditional Metabolic Control Analysis [5;2] the levels of enzymes 
are considered to be parameters of the system i.e. fixed. If the control exerted by the 
topoisomerases on DNA supercoiling is attenuated through genetic feedback loops, then 
the concentrations of these two enzymes will not remain constant. Hierarchical Control 
Analysis [12], is the extension to Metabolic Control Analysis that does accept variations 
of enzyme concentrations as regulatory mechanisms. 

Here we modulate the concentrations of DNA gyrase and topoisomerase I in 
growing Escherichia coli cells, and ask to what extent DNA gyrase and topoisomerase I 
control the steady state level of DNA supercoiling. Furthermore, using Hierarchical 
Control Analysis, we show the relationship between direct metabolic control (with 
constant enzyme levels) and hierarchical control (which does include regulation through 
transcription). 


METHODS 


Bacterial strains 

Chromosomal promoters of the DNA gyrase and of the topoisomerase I were 
replaced by inducible promoters in E. coli MC4100 [4]. 
Plasmid extraction and supercoiling assay 

Cell cultures were sampled into 80 °C phenol and plasmid DNA (pBR322) was 
extracted using standard isopropanol precipitation [3]. DNA samples were subjected to 
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agarose electrophoresis in the presence of chloroquine. After electrophoresis, DNA was 
transferred to Hybond membranes and hybridised with digoxigenin labeled pBR322. 
Labeling and detection with CSPD was performed according to the Boehringer 
Mannheim recommendations. After digitizing the film, the average linking number was 
determined as described by Van Workum ef al [7]. DNA supercoiling was assessed in 
terms of the active linking number aLk (i.e., the difference between the linking number 
of coumermycin/rifampicin treated cells and that of the cells under study). 
DNA gyrase and topoisomerase I concentration 

The DNA gyrase and topoisomerase I content of the cells was estimated by 
quantitative Western blotting using an antibody against the Gyr A subunit and 
topoisomerase I respectively. 


RESULTS AND DISCUSSION 


Control of gyrase on DNA supercoiling 

In the controllable strain gyrase was manipulated from 5% to 250% of wild type 
and effects on DNA supercoiling were quantified. DNA supercoiling is expressed as the 
active linking number, the more negative the aLk, the more underwound, the more 
negatively supercoiled the DNA is. An increase in gyrase concentration is clearly 
correlated with an increase in negative supercoiling. Three different curves were fitted 
through the experimental data and from these curves the control coefficients were 
calculated by differentiation (Figure 1). The control of gyrase rapidly decreased with 
increasing concentrations of 
the enzyme but the control 
10 never became zero. 
Importantly at wild type levels 
of gyrase activity the enzyme 
has a control of 0.18. The 
independent fitting of several 
curves show only a small 

variation in this value (Fig 1). 
In _ addition to DNA 
supercoiling also growth rate, 
and ATP/ADP ratios were 
measured. There appeared to 
00 OS 10 15 20 «2.25 30 be no control on growth rate at 
gyrase (fraction of wild type) wild type levels of gyrase and 


See tie i ‘ the ATP/ADP ratio was higher 
gure 1: Control o gyrase on supercoiling. : 

Lines are derivatives of fitted curves shicuch tie ee eat an 10 : in. Bie whole pa 
data. The fitted curve is an exponential decay curve: (i.e. outside the 7enEe in whic 
y=atb*exp(-c*x)+d/(1+d*%e*x). The values for a,b,c,d and e 8yrase 1s sensitive towards 
were respectively: -18.37, 8.951, 7.956, 9.437 and 0.072. changes in the ratio). 

Several other curves were also fitted through the data points ; 

another decay function or a logaritmic polynomial (derivatives 

of functions are shown as dotted lines in the insert). 


Control of gyrase on aLk 
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Control of DNA supercoiling by topoisomerase I 
Preliminary experiments have been performed to determine the control of 
topoisomerase I on supercoiling. Again the expression of the enzyme of interest was 


aLk 


0 2 4 6 8 10 12 14 16 
Topoisomerase (fraction of wild type) 


Figure 3: Dependence of DNA 
supercoiling on topoisomerase | 


expression. 
Values are averages of three 
measurements. Fitted curve: 


y=atb/x0.5), a=-10.17, b=-3.32 


modulated from the chromosome using a genetically modified strain. Expression levels 
ranged from 0.5 to 16 times the wild type level and effect on DNA supercoiling was 
determined (Figure 2). 
At wild type level the control of topoisomerase I on DNA supercoiling was 
estimated to be —0.12. Additional experiments with manipulation of the enzyme 
concentration closer to wild type have to be performed in order to come to a better 
estimation of the control coefficient. 
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Metabolic versus Hierarchical Control Analysis 


The control exerted by DNA gyrase on supercoiling was lower than might have 
been expected for this far from equilibrium enzyme. Furthermore the sum of the control 
coefficients of the DNA gyrase and topoisomerase I appear not to add up exactly to 
zero. Since the degree of supercoiling can be seen as a concentration one would expect 
the control coefficients to add up to 0. The control by topoisomerase I was not 
determined very accurately and more experiments at lower concentrations of 
topoisomerase I are necessary. 

We examined whether the low © 
control of DNA supercoiling by gyrase a ld al . 
could be attributed to the homeostatic ->+o— :; 
control mechanism that has been proposed [anscnption/ . degradation 
to exist for DNA supercoiling. Also the : 
issue of the validity of the concentration @ 
summation theorem was raised in a 


theoretical analysis of this system. ATP v ADP topoisomerase | 
The effect of DNA gyrase and x —-o— 
topoisomerase I on DNA supercoiling is ayase : @: 
schematically represented in Figure 4. ; 
Here X represents the degree of 
supercoiling and dashed arrows depict the 
interactions between the metabolic and the : > @ —— 
genetic level. In total there are three levels, lt engl al 
a metabolic level with gyrase and And “a 
topoisomerase I activity leading to ©) 
supercoiling, and two genetic levels with 
transcription/translation and degradation Figure 4: Model of the homeostatic 
for both DNA gyrase and topoisomerase I. control of DNA supercoiling by DNA 
These three levels are unconnected in the Byraseianditqpoisomerasel 


sense that there is no mass flow between them [9]. We will first treat each of these 
levels individually, leaving the regulatory interactions with the other levels out of 
consideration. This will lead to control coefficients that are local with respect to those 
levels. Such control coefficients will be denoted by lower case c, while the control 
coefficients that do take into account the regulatory interactions, i.e. the global control 
coefficients, will be denoted by capital C. The local control coefficients can be 
expressed readily into elasticity coefficients by standard methods. For the local control 
of gyrase on DNA supercoiling (metabolic level) or for the local control of the 
transcription of gyrase on the gyrase concentration (genetic level) one finds, 

(with X = -aLk): 


x _ 1 ( ahs cs 1 / 
Cy_pr o e’-'? 2-9" !) Ci my = ef-m" _ pig 2) 
x x gr © pr 
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Assuming that transcription/translation is not product sensitive and protein degradation 
is first order, all of the elasticities on the genetic level become either 1 or 0 and the local 
concentration control coefficients become either | or —1: 


gr nlop. 
Cr pyr = “i_sop 


For the global control coefficients the interactions between the different levels becomes 
important [6;9]. For instance a direct change in transcription rate of gyrase will be 
affected by the resulting change in the degree of supercoiling. How such global control 
coefficients can be expressed in terms of local control coefficients, has been derived in 
[11]. For the global control coefficients of transcription rate of gyrase this results in: 


gr — —-~/op — 
= Cy pr “dd _top ~— I 


x ee cer x CoP 
gale = CP or +e," CF Ce wr =Cy or tg +C) top Cyr (4) 
flop ___ ft _top x 
So =éy CF ae) 


These three equations contain three global control coefficients which can be expressed 
in terms of local control coefficients and thus in terms of elasticity coefficients: 


a) ee, S i_gyr 
Cc” = 1 ex Cy _twop aj— me Ey 6) 
'_pr — plop | Xx _ pig x = ae (_toep _ ¥_gyr v_top\~7 
l-ey, Cy ap EX Co gs éyr +6; ey” +&y 


With the same three equations the control of the transcription rate of the gyrase on the 
degree of supercoiling can be expressed in terms of elasticity coefficients: 


1 
~¥_lop (7) 


_ ier {_lop _ ..¥_gyr 
Similar expressions can be derived for the control by transcription of the topoisomerase 
I on topoisomerase concentration or degree of supercoiling: 

f_top 


-1 
ee a Sg - = TT 
-e pen ee +e;-? (8) Crop -éey™” +E"? -éey”” +6," 2) 

For the control by the V,,,, of gyrase and topoisomerase (i.e. determined by a 
proportional modulation of both the forward and reverse V,,,, of this step without 
modulating the enzyme concentration) exactly the same expressions can be derived as 
for the respective transcription rates. This is due to the control of the transcription rates 
on the enzyme concentrations and the elasticity of the rate of enzyme activity to the 
enzyme concentration both being 1. 

Equation (7) may help to understand why the control of gyrase on DNA 
supercoiling is relatively low: all the elasticities in the system contribute to the dynamic 
buffering of the degree of DNA supercoiling. The transcription rate sensitivity of both 
the DNA gyrase and the topoisomerase I add to the homeostatic effect that is already 
contained in the reaction rate sensitivities. 

In relation to our second question concerning the validity of the concentration 
summation theorem it can be seen from equations (7) and (9) that the sum of the 
transcription rate control on X does sum up to 0. However in our experiments this is not 
measured, what we actually measure is a co-response coefficient: we manipulate the 
transcription rates and measure the covariance between the overexpressed enzyme 
concentration and the degree of supercoiling, i.e.: 


c* 


t_gr— 


oes 


t_top ~~ 


Cc 1 
tlorpnx _ ~t_gr _ 
(OMe i ir ee v ¥_ to, (l ) 
Cro ay eye ee 
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and similarly for the topoisomerase I transcription rate: 
¥ 
1 _10p -)X _ ttop —| ‘| LD 
j 


tcp Ato ~ t_gr .~¥_ Or _¥_top* 
Se a a =e," téy 7 


These two co-response coefficients do not add up to zero unless absolute 
magnitudes of the elasticities of the transcription rate for X of the two enzymes equal 
one another. In the case of the experimentally determined control coefficients this 
appears to be almost the case. Interestingly in these co-response coefficients the 
elasticity of the transcription rate of the manipulated enzyme has canceled out. This is 
important as this elasticity can not be determined directly in the genetically engineered 
strains in which the native promoter has been replaced by an artificial promoter. 


CONCLUSIONS 

In this contribution we have shown how the control distribution in a 
hierarchically controlled system can be analyzed. Although the system that was chosen 
as an example, i.e. DNA supercoiling and the action of DNA gyrase and topoisomerase 
I, is relatively simple, its analysis quickly becomes complicated. With the use of 
Metabolic and Hierarchical Control Analysis the regulatory interactions can still be 
studied rigorously and quantitatively interpreted. 
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INTRODUCTION 

Cancer can be seen as the result of a micro-evolutionary process, in which 
genetic and epigenetic changes and selective pressure lead to cells that lack proper feed- 
back growth control. Most agents used in the treatment against cancer induce cellular 
damage. Provided that the integrated circuits that normally respond to this damage 
(repair with a proper halting of cell cycle progression) fail, the extra damage reverts the 
selection process, in favor of normal cells. 

Present-day knowledge on the biology of the cell and state-of-the-art technology 
has revealed many details concerning the response of intact cells to damaging agents 
(O’Connor et al., 1997). In some ways the cancer cells can be considered as unicellular 
organisms, communicating with the outside world. This outside world is dynamic. The 
cell may face a DNA-damaging agent (doxorubicin) at varying concentrations, changes 
in concentrations of oxygen and nutrients (and waste products), as well as varying 
impacts of growth factors and mechanical factors (Fig.1). 


nutrients, oxygen 


waste 


eee 
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Figure 1. The cell and its dynamic environment. 


Doxorubicin is one of the most effective anti-cancer agents. The transcription 
factor p53 plays a role in the cells’ response to the induced damage (Hall, 1996). 
Changes in expression of p53 after transfection has dozens of downstream effects 
(Polyak, 1997 and __http://welchlink.welch.jhu.edu/~molgen-g/P53-SAGE.HTM). 
Although in vitro tumor cell lines are not the same as cancer cells in their in vivo 


163 


34 


environment, some pathways and functional responses of the latter will remain intact ex 
vivo. Metabolic control analysis (MCA) has helped to elucidate what controls metabolic 
fluxes and why. We are examining whether MCA may play a similar role in cancer-cell 
biology. Here we present a first step in terms of the interpretation of the control of cell 
number by modulation of cellular p53 concentrations. 


MATERIALS AND METHODS 
Human MCEF-7 breast cancer cells (with wild-type p53) were grown in 


Dulbecco’s Modification of Eagle’s Medium (ICN), supplemented with 7.5% fetal calf 
serum (Gibco BRL/Life Technologies). 


Doxorubicin was purchased from Montedison Holland BV (Rotterdam, the 
Netherlands). 


Western blot analysis was carried out after SDS-PAGE gel electrophoresis and 
blotting to PVDF (Transblot, Bio-Rad), using the DO-7 monoclonal antibody against 
p53 (DAKO). Protein/antibody detection was carried out with enhanced 
chemiluminescence (ECL+Plus kit) on Hyperfilm ECL (Amersham), and signals were 
analyzed using a densitometer 690 and Molecular Analyst software (Bio-Rad). 


RESULTS AND DISCUSSION 


The sensitivity of the cell killing process with regard to changes in doxorubicin 
concentration ({S]) is expressed by the response coefficient 


Ry = litmasso (AN/N)A ASS) 


in which: N = number of cells measured during/after drug exposure at the same time as 
the contro}; in the control the number of cells was measured after three doubling times 
(3-5 days); [S] = drug concentration. 


To establish the role of p53 in this process we have defined the control 
coefficient as 


Cy, = d(In N)/d(n k,) 


in which: k, = transcription rate constant induced by p53. The response of transcription 
to changes in p53 concentration may be quantified in terms of an elasticity coefficient 


&p53)° 
The relative correlation between both growth inhibition and [p53], when doxorubicin 


concentration is modulated, may be quantified in terms of the co-response coefficient 
(Hofmeyr, 1993): 


Oi sy = RRS 


In a model in which doxorubicin affects the cell number only through the p53 


concentration, this co-response coefficient should equal !O77...= CY &%5). 
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For human MCF-7 breast cancer cells fig. 2 shows the measured growth after a 
2hr doxorubicin exposure, as well as cellular p53 concentrations, at 4hr from the start of 
doxorubicin exposure, as determined by (semi-)quantitative Western blotting. At the 
latter time. point no overt cellular toxicity of doxorubicin was observed. It can be 


concluded that around the IC, the co-response coefficient 10"... is maximal. 
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Figure2. Cell number (as % of control) after a 2h doxorubicin exposure at the indicated 
concentrations (left y-axis) and cellular p53 concentrations (arbitrary units, data from 
duplo samples, measured on two films a and b), measured at 4h after the start of 
doxorubicin exposure. 


From the functioning of p53 as a tetramer (Jeffrey, 1995) a steep dependence of 
Kfy on the p53 concentration should be expected provided that most of p53 is present as 


the monomer with local elasticity (Kholodenko, 1997) &%,,, of approximately 4. 
The log-derivative in Fig.2 gives around the IC,, RY = -0.3 and R™ = 0.5-1.2 


and a co-response coefficient °!0/°.,, in the range of only -0.3 till -0.6. The absolute 


value is much smaller than 4, suggesting that most of p53 is present as tetramer in the 
p53 concentration range, as studied, or that p53 has low control over the cell number 
(| Cc |<< 1). The latter could result from the parallel activation of cell death pathways 


(the existence of which has been indicated in mutant-p53 cell lines). The direct 
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involvement of p53 dimers would also decrease the value for &%,3). In the case of 


complete control ”” would then approach the measured value. Measurement of 
mRNA concentrations of genes directly downstream from p53 as a function of cellular 
p53 concentrations, may help sorting out the possible interpretations. 
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INTRODUCTION 

. The mitochondrial F,F, ATPsynthase plays a central role in free energy 
transduction. Under anaerobic conditions the yeast S. cerevisiae can produce ATP only 
via substrate level phosphorylation as no oxygen is present to act as the terminal 
electron acceptor in the respiratory chain. When yeast is grown aerobically on non- 
fermentable carbon sources (e.g. ethanol, lactate or glycerol), it solely depends on 
oxidative phosphorylation for the synthesis of ATP. However, when a fermentable 
carbon source is present in the medium (glucose, maltose etc.) ATP can be obtained via 
both substrate level phosphorylation and oxidative phosphorylation. 

In galactose-grown yeast, about 20% of the metabolised galactose is completely 
oxidised to CO, and water, the remainder is fermented to ethanol. In glucose-grown 
yeast, the biogenesis of mitochondria is repressed. Under these conditions around 95% 
of the consumed glucose is fermented and only 3 to 5% is completely oxidised. This 
oxidation, however, may well account for almost 40% of the total ATP produced per 
glucose molecule consumed [1]. 

Yeast F,F, ATPsynthase consists of a proton-conducting F, unit and a catalytic 
F, unit, which are each built from several subunits. The catalytic sites are located on the 
B-subunits of the F, unit. To investigate the control of F,;F, ATPsynthase on yeast 
metabolism, the A7P2 gene, which encodes the B-subunit of the ATPsynthase, was 
deleted and the effect on cell metabolism and growth on glucose was examined. 
Subsequently, the A7P2A strain was complemented with the ATP2 gene under the 
control of the MET25 promoter and the control of the F,;F, ATPsynthase on cell 
metabolism and growth on non-fermentable carbon sources was investigated. 


METHODS 

The Saccharomyces cerevisiae wild-type strain CEN.PK113-12B (MATa URA3 
his3-Al LEU2 trp1-289 MAL2-8c SUC2) (obtained from Peter Kétter in Diisseldorf) 
and the ATP2A strain LRY7A (MATa URA3 his3-Al leu2-3 trp1-289 MAL2-8c SUC2 
atp2A::LEU2) were grown on YNB + 2% glucose and the required amino acids and 
samples were taken at ODgo9= 1. 

The ATP2 complemented strain, equal to LRY7A plus a single copy plasmid 
with ATP2 under the control of the MET25 promoter, was grown on YNB + 2% ethanol 
and 2% glycerol and the required markers to an ODgo = 0.5. Subsequently, methionine 
was added to a concentration of 1 mM and samples were taken every hour. 
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The cells were quenched in cold 50% (w/v) methanol (final concentration) and 
the intracellular metabolites were extracted as described in [2] and analysed for ATP 
and ADP. Samples were quenched in 5% (w/v) trichloroacetic acid (final concentration) 
and analysed for glucose. The oxygen consumption was directly measured in Iml of 
culture with an oxygen electrode. The F,F, ATPsynthase activity was measured in 
concentrated cells (OD,o) = 50) after treatment with glass beads at 4°C for 30 minutes 
[3]. The protein content of the culture was measured according to Lowry ef al. [4]. 


RESULTS AND DISCUSSION 


The ATP2A strain was not capable of growing on non-fermentable carbon 
sources and was devoid of any detectable level of F;F, ATPsynthase activity (Table 1.). 
No difference in growth rate on glucose was observed between the mutant strain and the 
wild-type. The yield of biomass, however, was about 30% lower in the ATPase deletion 
strain, which, since the specific growth rate was similar in both strains, may indicate a 
higher glycolytic flux in the ATPase deletion strain. Such a finding would contradict the 
general assumption that no Pasteur effect is present in growing S. cerevisiae cells [5,6], 


although Boumans ef al. [7] demonstrated that batch grown S. cerevisiae cells can also 
exhibit the Pasteur effect. 


Intracellular metabolites ~ | Op uptake | -By-Fo ATPase 


ATP(mM) . ADP (mM) ATP/ADP. | HmoV'min/g, mmol ATP/mio 


4d protein. - |- A /g protein - 


Table 1. Intracellular metabolites, oxygen consumption, yield and ATPsynthase activity 
in a wild-type strain and an ATP2A mutant (drw = dry weight; glc = glucose). 


The rate of respiration measured during growth in the A7P2A strain was 66% lower 
than in the wild-type strain. This was remarkable as Jensen and Michelsen [8] showed 
that an Escherichia coli strain mutated in the F;F, ATPsynthase subunits had a 40% 
increased respiration rate and an 80% increased expression of the respiratory chain 
subunits compared with the wild-type strain. In this mutant strain, ATP/ADP ratios were 
also lower, whereas we found that in S. cerevisiae all the internal metabolites measured, 
including the concentrations of ATP and ADP, remained the same. The lower 
respiration rate may be caused by the sensitivity of the respiratory chain to a higher 
proton motive force in the absence of ATPsynthase activity. In E. coli, however, a 
higher proton motive force did not slow down the respiration rate [8]. Another 
explanation for the lowered oxygen consumption by the A7P2A strain may be a possible 
interaction between the respiratory units and the F,;F, ATPsynthase. Boumans et al. [9] 
reported that, in contrast to mammalian systems, respiratory chain complexes in S. 
cerevisiae interact both functionally and physically and therefore behave as one unit. 
Consequently a deficiency in the bc, complex resulted in concomitant loss of 
cytochrome oxidase protein. Ozawa ef al. (1985) [10] claimed to have isolated 
supramolecules consisting of both respiratory complexes and F,F, ATPsynthase. The 
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possibility of stabilising interactions between respiratory chain complexes and the 
ATPsynthase will be further investigated. 
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Figure 1:Results of a methionine pulse to the strain comprising A7P2 under the control 
of the MET25 promoter. At t=0 a methionine pulse (final concentration = 1mM) was 
given to exponential growing cells on YNB + 2% ethanol/glycerol medium. In this 
system methionine should repress the synthesis of the ATPsynthase. Every hour 
samples were taken to determine the OD,.y, the intracellular ATP (mM) and ADP (mM) 
concentration and the ATPsynthase activity (mmol ATP/min/g protein). 


To investigate the control of FF, ATPsynthase on yeast metabolism and growth 
a strain was constructed in which the original gene encoding the B-subunit of 
ATPsynthase (A7P2) was deleted and was complemented by a single copy plasmid 
containing. the ATP2 gene behind the MET25 promoter [11]. By varying the 
concentration of methionine in medium with non-fermentable carbon sources, we were 
able to reach wild-type growth rates in the absence of methionine down to no growth at 
all in the presence of 100 1M methionine (data not shown). Pulse experiments showed 
that after addition of 1 mM methionine to the mutant strain, the ATP and ADP 
concentrations were almost constant in time even when the level of ATPsynthase 
capacity was decreased to less than half of the wild-type level (Figure 1.). This suggests 
that the cell maintains the internal ATP concentration by decreasing the growth rate. 
The ATPsynthase could then exert control via a hypersensitivity of the growth for the 
level of ATP or the ATP/ADP ratio on non-fermentable carbon-sources. 
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INTRODUCTION 

Under aerobic growth conditions Escherichia coli synthesises ATP mainly via 
oxidative phosphorylation. Reduction equivalents, formed during catabolism, are 
oxidised via the respiratory chain, thereby pumping protons across the membrane. The 
resulting proton gradient is used by the Ht-ATPase for the synthesis of ATP, giving the 
Ht-ATPase a central role in energy metabolism in the cell. The Ht-ATPase has no 
contro! on growth rate in glucose grown cells, and very little control in succinate grown 
cells [1, 2]. Also the control on glycolytic flux was very small. An increase in 
cytochrome levels was observed when the atp operon was deleted, suggesting a 


homeostatic control mechanism [3, 4]. In this mechanism a decrease in Ht-ATPase 
would lead to an increase in }y+ and to an increase in turnover rate of this enzyme, 


masking its down modulation (figure 1). Here we present data on this regulatory loop. 
Our aim is to unravel the mechanism and strength of the regulation. 
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Figure 1. The respiratory chain of Escherichia coli. NADH is oxidised to NAD, with a 


transfer of electrons via Q to the terminal oxidases (cytochrome bo and bd) oxygen 
serving as terminal electron acceptor. During respiration a proton-gradient is generated 


which is subsequently used by the Ht-ATPase for ATP synthesis. 
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MATERIALS AND METHODS 

Wild type Escherichia coli LM3118 and LM3113 where the atp operon is under 
the control of the fac] promoter have been described elsewhere [2]. SR13.1 is isogenic 
to LM3118 except that a part of the /ac-operon has been deleted and a fusion of the cyo 
promoter to lacZ has been integrated into the aft site. SR15.1 has the same cyo 
promoter-lacZ fusion in the aft site but its chromosomal atp promoter has been replaced 
by the IPTG inducible tac] promoter. Cells were grown on minimal medium 
supplemented with 0.2 % glucose and | mg/l thiamine in shaking flasks. At an OD600 
of 0.4, cells were harvested and washed with 50 mM phosphate (pH 7.5). Cells were 
resuspended to a high cell density (OD¢90_50). Two spectra were taken at an Aminco 
DW2, reduced with dithionite and sparged with CO and subsequently reduced with 
dithionite. The cytochrome o heme content was determined by taking the CO reduced 
minus the reduced spectrum and measuring the absorption at 416 nm minus absorption 
at 400 nm [5]. Cytochrome d heme content was determined from the absorption of the 
reduced spectrum at 632 nm (figure 2). Cytochrome promoter activity was determined 
in duplo in a MUG assay according to Miller [6]. Ht-ATPase contents were determined 


on Western blots with an antibody specific to the 8 subunit of the Ht-ATPase. All 
concentrations were calculated relative to the wild type level. 


RESULTS AND DISCUSSION 


Figure 2 shows that cytochrome d increased about ten times when Ht-ATPase 
concentration was down modulated to about 20 % wild type level. 
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Figure 2. Increase of the bd type cytochrome upon down modulation of the Ht- 


ATPase. On the x-axis the wavelength and on the Y-axis the absorbance corrected for 
biomass. 
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Figure 3 and 4. Response of cytochrome o and transcriptional cyo promoter activity to 
changes in Ht-ATPase levels in the cell. Open circles indicate the wild type levels, 


closed circles the mutant. X-abscise gives Ht-ATPase levels relative to wild type (set at 
1), Y-ordinate gives heme incorporation, fig. 3 (derived from spectral analysis) or 
transcriptional activity (figure 4). Bars in figure 4 indicate standard deviation. 


Figure 3 shows how differences in Ht-ATPase concentrations in the cell 
affected cytochrome o content. Spectral analysis showed an increase in cytochrome o 


heme content with an increase in Ht-ATPase, wild type cyo content was higher at the 


same Ht-ATPase levels. When cyo expression was monitored at a transcriptional level 
with promoter-/acZ fusion's, no significant effect on expression was observed (figure 4). 
However in the atp deletion strain an increase in heme concentration by 80% was 


observed [7]. The change in heme composition we observed upon changes in the Ht- 
ATPase concentration suggest a complex response of cytochrome o expression to 


modulations of Ht-ATPase in the cell. At this moment we are not able to decrease Ht- 
ATPase below wild type levels, these constructs will be made in the near future. 
We have shown that the concentrations of terminal oxidases in Escherichia coli 


depend on H*t-ATPase levels. Thus the components of the respiratory network are 
coupled to each other, not only via the 44+ but also via transcription and translation. 


The differences in the heme measurements and the transcriptional activity of the cyo 
operon could be due to differences in heme incorporation in the cytochrome o. Also the 
position of the fusion on the chromosome could be of importance. We are currently 
investigating these options. One might speculate on the role of the decreasing 


cytochrome bo content while decreasing Ht-ATPase concentrations. This terminal 
quinol oxidase predominates at high oxygen tensions, and can translocate maximally 2 
protons per electron [8], in contrast to the bd terminal oxidase which can translocate at 
the most | proton per electron [8]. If the cells uses the bd type oxidase instead of the bo 
type the Gibbs energy used for building up of the proton motive force stays the same, 
but as bd tranlocates only one proton the maximum attainable Ayypy+ will be higher. 
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INTRODUCTION 


Two peroxidases, eosinophil peroxidase and neutrophil peroxidase 
(myeloperoxidase: MPO) are present in bone marrow [1]. Eosinophil 
peroxidase (EPO) can injure cells and tissues directly in addition to its 
capacity to produce free radical species [2]. Eosinophils, like neutrophils, are 
cytotoxic to mammalian tumor cells and this cytotoxicity is mediated by the 
EPO-H20>-halide system [3]. In contrast, human basophils do not contain 
EPO [4]. Both MPO and EPO have been purified by various authors and their 
properties have been investigated [5,6]. Inactivation of peroxidases in bone 
marrow by repeated administration of propylthiouracil has been reported [7]. 
Various methods for the mobilization of peripheral blood progenitor cells into 
circulation have also been described [8]. But, to our knowledge, stimulation of 
peroxidases in bone marrow and their kinetic properties has not yet been re- 
ported. Thus, the purpose of this research is to investigate the kinetic pro- 
perties of peroxidases under immunostimulation in guinea pig bone marrow. 


MATERIALS AND METHODS 


1 ml sheep blood was injected subcutaneously to guinea pigs, daily, for 
12 days. Front and hind legs were removed at times ranging from 4 to 30 days 
after the first injection, and smears were prepared from the bone marrow. The 
rest of the tissue was suspended in 9 9/99 NaCl, and pelleted at 3,000 rpm 


(1,000 g). The pellet was frozen at -200C for up to 48 hours. After 2 cycles of 
freeze-thawing, cells were suspended in 50 mM tris-HC! buffer (pH 7.4) con- 
taining 1 mM EDTA and 200 mg/ phenylimethyisulfonyi fluoride, and homoge- 
nized with 20 passes in a Potter homogenizer (with tight pestle). The homoge- 
nate was centrifuged at 20,000 g for 15 minutes and the pellet was discarded. 
Protein concentration was determined by the Biuret method. The isolation pro- 
cedure gave reproducible results as the protein concentration in the samples 
was always about the same (2.28 +/- 0.12 mg/ml). Peroxidase activity was de- 
termined by o-dianisidine and guaiacol at 460 nm and 470 nm, respectively 
[8]; the extinction coefficients used were 11.3 mM-1.cm-1 for o-dianisidine and 
26.6 mM-1.cm-1 for guaiacol. Assays were carried out at room temperature 
(~ 22-250C) using Aminco-DW2 and Milton-Roy spectrophotometers. Results 
were averages of 2 experiments (4 controls and 2 x 6 animals). 
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RESULTS AND DISCUSSION 


Fig. 1 shows variations in the per- 
centage of various granules-containing 
cells in guinea pig bone marrow, at dif- 
ferent times after immunostimulation. 
The percentage of basophil cells rose 
progressively with a 20-fold increase at 
day 12 after the 1St injection (from 0.5 % 
at day 0 to 10.5% at day 12); then the 
level dropped to roughly the initial con- 
trol value. The percentage of eosino- 
phil cells increased also, showing two 
peaks at day 8 and day 16. Thus a 2.5- 
fold increase in the percentage of eosi- 
nophil cells was seen at day 16 (from 
15% atday0to37% at day 16). Then 
the level dropped off but did not reach 
the initial control value at day 30. For 
neutrophil cells, there was a small and 
progressive decrease in the percent- BASOPHILS 
age, with a peak at day 16 (25% de- 
crease), followed by anincrease. The 
decrease in the percentage of neutro- 
phil cells may not represent an actual 
situation in the bone marrow, since any 
increase in the percentage of eosino- 
basophil cells decreases the percent- 
age of neutrophils. 

Figure 2 shows the actitivity of bone marrow peroxidases at different 
times after immunostimulation as measured by the peroxidation of o-dianisi- 
dine and guaiacol. Both substrates showed roughly the same pattern of 
enzyme activity. With o-dianisidine, peroxidase activity increased up to day 8, 
decreased slightly at day 12, increased again at days 16 and 20 and 
decreased at day 30. Thus 2 peaks of peroxidase activity at days 8 and 20 
were seen and the maximum activity was nearly 7-fold that of the control at 
day O (~ 80 nmoles/sec/mg prot. for day 20 versus 12 nmoles/sec/mg prot. for 
day 0). With guaiacol as substrate, however, the maximum increase in activity 
at day 20 was over 30-fold the value of the control at day 0 (~ 27 nmoles/sec/ 
mg prot. for day 20 versus 0.8 nmoles/sec/mg prot. for day 0). Since guaiacol 
was reported to be more sensitive than o-dianisidine to peroxidation by EPO 
[8], this differential increase indicated a preferential increase of EPO rather 
than MPO. This correlated with the results obtained when the peroxidases 
activity was assayed in the presence of 5 mM aminotriazole (AT) and reported 
in Table |. In the presence of guaiacol, inhibition was observed at days 0 and 
12, when the peroxidative activity measured (preferentially due to EPO) was 
lowest. Interestingly, at day 20, when the EPO activity was highest, a stimula- 
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Fig. 1 - Changes in granulocytes 
populations in bone marrow 
after immunostimulation. 
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tion was observed in the pres- nmal/sec/mg prot. 
ence of AT. In contrast, at day 20, 
inhibition by AT was maximum 
when the peroxidative activity 
was measured by o-dianisidine. 
Table || shows the values of 
Vuax and Kyobtained with o-dia- 
nisidine. Vwax Was lowest at day 
12 (21 nmmol/sec/mg prot. ) and 
highest at day 20 (48 nmol/sec/ 
mg prot.). Ki was lowest for the 
contro! at day 0 (4 uM) and high- 
est at day 4 (19 uM). Asit was 
pointed out previously, there is 
no true Vmax for peroxidase sys- 
tems because the value depends 
upon the choice of H2Os concen- a 


o-dianisidine 


guaiacol 


18 28 38 
tration [9]. Thus values of Vax DAYS 

and Ky obtained were not inter- Fig. 2 - Determination of peroxidases activity 
pretable in terms of changes in in bone marrow at various times after 


the concentration of peroxidases immunostimulation. Activity was expressed as 
under immunostimulation. In amoles of substrate (o-dianisidine or guaiacol) 
contrast, determination of k4 as __ peroxidized per sec. Values were averages of 
suggested in reference [9], may 2experiments (2 animals); for each animal, 
show amore accurate picture Of | measurements were done in triplicate. 

the changes in peroxidases under immunostimulation. The reaction scheme 
is as follows: 


K 
E4205 —+* EO<Ho 
EO + electron donor ———® €E +O0-electron donor 


Table {li shows changes in 
the value of kg under our ex- 
perimental conditions for both 
o-dianisidine and guaiacol. 
With o-dianisidine, kq is simi- 
lar at days zero (control) and 
30, suggesting that the per- 
oxidation of o-dianisidine is by 
the same kind of enzyme. !n 
contrast, where under immu- 
nostimulation the amount of 
peroxidase increased, only 
one value of of k4 was obser- 
ved. With guaiacol, ks exhibi- 
ted roughly similar values for 


TABLE [| 


Effect of aminotriazole on the peroxidation of 
% sta 
Z 


Zt 0 


(*) inhib. = inhibition; stimul. = stimulation 
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VMAX 
(nmol/sec/mg prot.) 


KM 
(uM) 


days 4, 8 and 12 and higher but similar 
values for days 16, 20 and 30. Since 
guaiacol is more sensitive than o-diani- 
sidine to peroxidation by EPO [8], the 
kg under our experimental conditions 
reflected changes in at least three {Control 
EPO isoenzymes, one value for the| Day 4 
control and two values for stimulation | Day 8 
of EPO. On the other hand, o-diani-| Day 12 
sidine is more eae for the determi- Day 16 
nation of MPO and showed possibly _ 
two isoenzymes with two different k4, = ea Rs a . . -_ 


one for control and for day 30, and one - 
7 (Enzyme concentration: mg prot/ml!) 


for all others. 


13.0 +/- 2.0 
53 +/- 0.6 
5.4 +/- 0.5 
5.0 +/- 0.5 
3.0 +/- 0.6 


+/- 0.05 
+/- 0.12 
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The study of biological energy transformations and its control has a rich history 
(1). Experimental work often focussed on skeletal muscle because of its intrinsic interest 
as a contractile organ; but because of the ~30-fold range in ATP flux that can be studied, 
skeletal muscle also constitutes a paradigm for testing principles of bioenergetics (2). 
Much of the work on muscle has focussed either on the 'ATP demand’ side of energy 
balance, in particular on the dominant ATPase in muscle, actomyosin (AM) ATPase, or 
on the 'ATP supply’ side, in particular the mitochondria. Here, we attempt quantitative 
integration of both facets to arrive at an understanding of the function of the muscle cell 
as a whole, and in particular observed limits to this function. The question will come up 
if a steady-state analysis of the ATPase network in muscle is a useful approach to 
address the limits of function. 


Observations on limits to skeletal muscle function 

The free energy level of skeletal muscle, AGp © AG,” + RT 
In([ADP][Pi]/ATP]), has been found to range between ~-64 kJ/mole in resting muscle 
and ~-54 kJ/mole in maximally activated muscle ((3) and Figure 1). Steady-states of 
energy balance outside this range have not been reported in the literature. 
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Figure 1. (A) relation between muscle power output during voluntary exercise, normalized to Maximum 
Voluntary Contraction (MVC) and the cytosolic phosphate potential AG, for human forearm flexor 
muscle (4); (B) relation between mitochondrial ATP synthesis flux, normalized to the maximal rate (state 
3 rate) and the cytosolic phosphate potential AGP for human forearm flexor muscle (5). 
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The lower extreme of this free energy range, -66 - -64 kJ/mole (Fig. 1), is close 
to the static head potential generated by the mitochondria respiring on NADH-linked 
substrate (6), since the net ATP flux in resting muscle is only some 3% of state 3 rate 
(Fig. 1B). The upper extreme, ~-54 kJ/mole (Fig. 1), however, is less well explained. 
We found that at this AGp value, corresponding to [ADP] = 0.085 mM and an 
ATP/ADP ratio of 95, nittoch onlin in human forearm flexor muscle were stimulated to 
85% of maximum (state 3 rate) (Figure 1B). This upper extreme metabolic steady-state 
of the muscle was attained by voluntary exercise (bulb-squeezing at 0.33 Hz) at 
maximal steady-state workload (~60% MVC) (4) or by implementing a frequency of 
twitch contractions of 1.6 Hz (5). Increasing the workload of voluntary exercise above 
60%MVC or, alternatively, increasing the frequency of muscle twitch contraction to 2.0 
Hz did not result in a new steady-state of energy balance at which |AGp| < 54 kJ/mole 
and mitochondrial ATP synthesis flux > 85% state 3. Instead, this resulted in failure of 
the muscle to maintain function. The demanded sustained higher power-output could 
not be delivered. We found this same result in in situ studies of rat hindlimb muscle 
(Wiseman and Jeneson, this Meeting). This raises the question: which element(s) in the 
muscle is responsible for this energetic upper limit to cell function? 

One school of thought in the literature that has addressed this issue from a 
perspective of understanding cardiac pump failure during hypoxia (3) and fatigue of 
skeletal muscle (7) has proposed a thermodynamic basis for this observed limit to 
muscle function. It is proposed that if |AGp| < ~54 kJ/mole, the free energy of ATP 
hydrolysis falls below the level required by the sarcoplasmic reticulum (SR) Ca™- 
ATPase to pump Ca” from the myoplasm back into the SR following a Ca’* pulse upon 
muscle stimulation; consequently, the SR Ca’* content would decrease, ultimately 
resulting in inactivation of the muscle (3,7). 

A direct implication of this hypothesis of a thermodynamic basis for muscle 
fatigue is that a steady-state analysis of the network of ATPases in contracting muscle - 
i.e. a control analysis of ATP metabolism - should provide an adequate description and 
understanding of the full range of muscle function. Such an analysis is described below. 


Control analysis of ATP homeostasis in contracting muscle 
Methods. In our analysis, we modeled ATP metabolism in contracting skeletal muscle 
cells as a modular branched pathway, consisting of three enzyme modules (Table 1): 


Table 1: overview of components in model of ATPase network in skeletal muscle 


physiologic function in cell Control Analysis effect of ADP 

component equivalent en 

mitochondria ATP supply module 1; flux J, stimulation 

AM-ATPase mechanical force module 2; flux J, competitive inhibition 
generation 

SR Ca”*-ATPase Ca” recovery by SR module 3; flux J, mixed type inhibition _ 


The common intermediate S, connecting the three ATPases is the cytosolic 
ATP/ADP ratio. The Ca” content of the SR was modeled as a system parameter - i.e. a 
constant. At steady-state, there are three fluxes in the pathway: J,, J, and J, (Table 1) 
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where the magnitude of flux J, is equal to that of the sum of J, and J,. Using the 
summation, connectivity and branch theorems (8) for flux and metabolite control in this 
branched pathway, and the rate-dependent ATP/ADP elasticity of each module 
computed on basis of the steady-state kinetic equation, the control! structure of the four 
system variables (fluxes J,., and the cytosolic ATP/ADP ratio) was solved as a function 
of respiration rate (manuscript submitted). 


RESULTS AND DISCUSSION. 

Over the physiological domain of steady-states of energy balance including the 
upper extreme steady-state at -54 kJ/mole (Figure 1), AM-ATPase and SR-ATPase each 
dominantly controlled their respectrve ATPase flux, as well as the mitochondrial 
ATPase flux. This means that over this sustainable range of muscle function, all ATPase 
fluxes in the cell associated with muscle contraction are only limited by external control 
(i.e. nerve stimulation), not by any internal control of ATP-supply limitation. 
Homeostasis of the cytosolic ATP/ADP ratio is achieved by means of equally shared 
control of the ATP/ADP ratio by the ATP consuming and ATP producing modules. 

With respect to the flux control structure extrapolated for states outside the 
physiological domain of steady-states (corresponding to respiration rates exceeding 85% 
state 3 and cytosolic ATP/ADP ratios below 95), the analysis predicted that control of 
the activity of mitochondria maintaining the cytosolic ATP/ADP ratio, over 
mitochondrial flux J, and the SR ATPase flux J, would rapidly increase; for respiration 
rates greater than 95% state 3, the activity of mitochondria would in fact dominantly 
contro] these fluxes. However, force generation associated with AM-ATPase flux J, was 
predicted to remain insensitive to internal control of mitochondrial ATP/ADP ratio 
maintenance because of the very low ATP/ADP elasticity of AM-ATPase. As such, the 
analysis in this form did not predict loss of capacity of the muscle for force production 
by AM-ATPase at low free energy content. Does this now argue against a purely 
thermodynamic viz. steady-state approach to explain the empirical upper limit to muscle 
function on basis of a limiting free energy level of the cytosol? 

A limitation in the present analysis was the constraint in the model that SR Ca” 
content was a system parameter, not a variable. However, removing this constraint may 
not be sufficient to properly amend the analysis. Instead we propose that in addition to 
the thermodynamics and steady-state kinetics of Ca’* pumping by the SR Ca’*-ATPase, 
the duty cycle and transient kinetics of muscle contraction must be considered to 
understand failure of sustained forearm flexor muscle function coinciding with the free 
energy level falling below 54 kJ/mole, and the twitch frequency approaching 2.0 Hz. 
The aspect of muscle twitch contraction of pulsed-activity (as opposed to a continuous 
activity) must be explicitly considered. For the time interval between subsequent 
twitches in combination with the particular cytosolic ATP/ADP ratio sensed by the 
enzyme will determine whether or not the SR Ca” content prior to a stimulation should 
be modeled as an invarying system parameter, or as a system variable. In fact, for the 
case of a sufficiently long time interval between subsequent twitches, SR Ca” recovery 
will be effectively independent of the ATP/ADP ratio. This introduction of a time 
dependence in the problem limits the value of steady-state arguments and analyses in 
the explanation of the upper limit to muscle function. 
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INTRODUCTION 

The relationship between oxidative phosphorylation flux and the cytosolic free 
energy of ATP hydrolysis has been described extensively [1, 2, 3]. In these models, the 
relationship has a near linear dependence over the operating range of the muscle where 
ATPase activity is well above the resting state [3, 4] corresponding to the quasi-linear 
NET range of the flow-force relation that is sigmoidal over its full range [5]. A second, 
much smaller quasi-linear domain exists, and corresponds to the near equilibrium region 
around the resting state. Near resting state, the metabolic load on the cell is largely 
limited to the cost of maintaining the membrane potential which is dominated by the 
activity of Na‘/K* ATPase. In contrast, in the mid-velocity domain in contracting 
skeletal muscle, an additional metabolic load, that being the activity of actomyosin 
ATPase and sarcoplasmic reticular Ca?” ATPases (contractile ATPases). The metabolic 
demands over each of these domains are matched by mitochondrial oxidative 
phosphorylation and to a limited extent by glycolysis. 

The purpose of this communication is to address the relationship between the 
phosphate chemical potential and contractile ATPase through the lower velocity range. 
To further our understanding of muscle function it is important to establish whether 
there are active states in muscle that do not correspond to either linear domains. More 
pointedly, do physical states exist at low velocities that deviate from the linearity 
established by the mid-velocity domain. If this were the case, it would argue that the 
control of the phosphate potential by the contractile ATPases is not dominant in these 
lower velocity regions. In contrast, if no such states exist, then it suggests that in any 
active working muscle the AM-ATPase dominates the control of phosphate potential. 
Essentially this argues for a switch-like behavior of the control structure of the muscle. 
Specifically, the onset of mechanical work activates actomyosin ATPase which was 
quiescent (comparable to adding a new enzyme to the control structure of the cell). 
We investigated this question using *'P-NMR spectroscopy in a well-defined skeletal 
muscle system which we could electrically stimulate over the entire operating range thus 
controlling ATPase activity. 


METHODS AND MATERIALS 

Muscle Preparation and Stimulation Procedures: Animals were anesthetized with 
xylazine/ketamine and an intraperitoneal catheter was inserted through the abdominal wall 
permitting subsequent doses of anesthetic as needed during the experiment (judged by 
respiration rate). The right sciatic nerve was exposed, ligated and cut prior to placement 
into a_ bipolar cuff electrode for stimulation. In addition the knee joint was fixed in 
position with suture under the patellar tendon. The animal was then mounted in a custom 
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built NMR probe at which time the achilles tendon was ligated and attached to a cantilever 
beam strain gauge to measure force output. This arrangement positioned the head of the 
gastrocnemius muscle directly over a three turn solenoidal surface coil (1 cm diameter) 
fashioned from 22 gauge copper wire. The tendon was passively loaded until stimulation 
gave a maximum output which was recorded using a Metrabyte DAS 1601G A/D board 
and monitored online using a Nicolet Storage oscilloscope. 

NMR Spectroscopy: The probe was placed in a horizontal bore 4.7 T NMR spectrometer 
(Bruker Instruments). NMR spectra were acquired at 81 MHz after shimming on the 
available proton signal. For absolute quantification, fully relaxed phosphorus spectra 
were acquired with a 90° tip angle and 15s recycle delay. For spectroscopic 
measurements where higher time resolution was required spectra were acquired using a 
45° tip angle and a 1.4 sec recycle delay (8 sec time resolution per 4 summed transients). 
Experimental Protocol: Muscles were repeatedly stimulated for 10 minutes over a 5 Hz 
range of twitch frequencies. Briefly, after an initial baseline period, muscles were 
stimulated until a new steady-state of energy balance was attained and then allowed to 
recover to the resting state over a 15 min period. This cycle was repeated for a series of 
four stimulation frequencies and NMR spectra were continuously acquired. At the end of 
each experiment, muscles from both hindlimbs were removed and frozen for later analysis. 
Mechanical Analysis: Digital force traces were analyzed using a commercially available 
PC program (DaDISP, DSP Development). After baseline correction, the tension-time 
integral (TTT) was determined for each force trace (in mN*sec). The TTI was constant 
during the stimulation period for each twitch over a range of 0.35-4.0 Hz. 

Biochemical Analysis: Frozen muscles were pulverized in a liquid nitrogen cooled 
mortar. Tendon and connective tissues were then removed and the powdered muscle was 
placed in tared vials. Neutralized perchloric acid extracts were analyzed phosphocreatine 
and ATP by anion exchange HPLC whereas the free was analyzed by cation exchange 
HPLC in the same extract using methods we have previously reported [7,9]. 


NMR Data Analysis: Data 
acquired during rest-stimulation- 
recovery experiments were batch- as 
processed using NMRI software t 
(New Methods Research, Inc.). x 
Summed data transients were i 

we 


0.20 
apodized using a matched 
Lorentzian filter, zero-filling to 0.10 
4096 data points and Fourier 


transformed to the frequency sa 
domain. PCr, Pi and ATP were 
quantified by integration of each 
resonance. Intracellular pH (pH,) 


0.10 


was estimated from the chemical 
shift difference between the PCr and 
Pi resonances [8]. Analysis of the 
transient changes in PCr, Pi and pH; 
during the time course of 


Figure 1. Flow-Force relation in rat fast-twitch 
skeletal muscle.The straight line is the Taylor 
expansion about the midpoint potential from the 
fitted sigmoid function. The dashed solid lines 
represent the 95% confidence interval of the Taylor 
expansion based on the extremes derived from the 
sigmoid fit. 
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contraction were analysed on a PC using Fig.P software (Elsevier Biosoft) for each twitch 
frequency. For analysis of metabolite content in each steady-state region for a given 
stimulation frequency, the corresponding FIDs were summed, and analysed in the time 
domain using Fitmasters software (Philips Medical Systems) [9]. 


RESULTS AND DISCUSSION 

Figure 1 shows the resultant relation of Jp versus AGp over the entire operating 
range of the muscle. 
Curve-fit analysis yielded a maximal flux of 0.231 +/- 0.05 mmoles ATP L” sec”! and 
the mid-point potential was —58.1 +/- 0.9 kJ/mole in muscle cells. These values are not 
significantly different than those obtained from human forearm flexor muscles from 
previously reported studies [6]. 

‘Taylor expansion about the mid-point potential (linearization in mid-velocity 
range) is depicted as the solid straight line in Figure 1 which we have extrapolated to the 
x axis. The 95% confidence interval for the expansion is presented as dashed lines. We 
show that in the lower ATP synthesis domain (slightly above resting state) the 
confidence interval completely explains the observed data. Thus we are not able to 
statistically demonstrate there are active states in muscle that do not correspond to either 
NET quasi-linear domain. The implication for this result is that there is a rapid 
transition in the control state as contractile ATPases are activated and that this 
dominates the control of phosphate potential. Contributions from glycolytic ATP 
synthesis have not been corrected for and thus statistical validation will await further 
refinement of the analysis as this will influence both the slope and confidence interval of 
the present NET domain. Inspection of the data suggests that even with confidence 
intervals that are half the dimension of those presently shown, no active states would 
fall outside of this region. However, existence of transitional states is still important to 
establish as this would mean that activation of contractile ATPases gives rise to a 
gradual increase in their control over the phosphate potential. This would demonstrate 
that the shift in the control structure of the cell from other ATPases (such as Nat+/K+ 
ATPase) to actomyosin ATPase was not switch-like but gradual and implies that the 
control of contractile ATPases over phosphate potential can vary over the operational 
range of working muscle. 
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INTRODUCTION: 

In this contribution we continue the application of optimization principles in 
studying the standard design of metabolic systems ([1],[{2],[3]). The main aim of the 
work is to reveal possible interdependences between stoichiometric and kinetic 
properties of energy metabolisms. The application of suitable optimization principles to 
(parts of) metabolic systems is motivated by the well known argument that in the course 
of evolution essential features of biological systems have been developed on account of 
a selective pressure they were subjected to. 

Recently [4] we have proposed a model for the optimization of ATP producing 
unbranched pathways which is based on the following three assumptions: (i) All 
reactions involved in the system belong to one of the following five types (abbreviations 
in brackets): phosphorylation of a substrate by consumption of ATP (A), 
dephosphorylation of a substrate by production of ATP (a), phosphorylation of a 
substrate by an uptake of inorganic phosphate (P), dephosphorylation of a substrate by a 
release of inorganic phosphate (p), and an interconversion of a substrate into a product 
without any coupling to ATP or inorganic phosphate (U). (ii) The initial substrate and 
the end product of the pathway are nonphosphorylated, i.e. neither the first reaction can 
be a dephosphorylation reaction nor the last reaction can be a phosphorylation reaction. 
(iii) All substances involved in the pathway can be phosphorylated at most twice, i.e. 
ae cannot take place more than two (de-) phosphorylation reactions one after the 
other. 

Furthermore, the model has the following kinetic and thermodynamic properties: 
All rate equations are described by bilinear or linear functions of the reactant 
concentrations depending on whether a coupling to ATP occurs or not. An external 
ATPase is introduced to maintain a steady state for the concentration of ATP. This 
process is represented by the time constant Tarpase, Which is a useful parameter to 
characterize the cellular demand on ATP. (The “~” denotes a reference state.) The 
kinetic equation as well as the values used for the time constants and the equilibrium 
constants (extracted from typical parameters of the standard glycolysis) are given in [4]. 


The overall change in standard free energy AGU tot of all U-reactions is distributed 
uniformly among the uncoupled U-reactions, i.e.: ? 


AGY = AGP tor/n . (1) 
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Three examples for n=4may elucidate the stoichiometric assumptions and 
notations: 1) (UUUU) is the shortest pathway and no ATP is produced. 2) 
(UUUPUa) is one of the shortest pathways producing ATP; notice that in this 
example the P-reaction as well as the a-reaction are located as far as possible at the end 
of the pathway. 3) In the pathway (AAUUpaUPPaUP aa) all types of reactions 
are represented and a net production of two ATP molecules per consumed substrate 
takes place. 

The optimization function is the ATP flux, i.e. we are searching for the 
stoichiometry which results in a maximum ATP flux for given thermodynamic and 
kinetic parameters. 

For a given number n of U-reactions the number of pathways R(n) can be 
calculated as follows [4]: 


R@)=4{C iy 4aeGg™ +Q9)"*"| (2) 


One obtains, for example, R(1)= 265, R(4)= 5.079.121 and R(7)=125.118.075.361. 
An increase in implies a strong growth in the number of possible pathways. For n = 4 
the optimization problem was solved by a systematic generation of pathways and 
calculation of their corresponding ATP fluxes [4]. From the numerical point of view this 
procedure is, however, rather inefficient. The expense in time combined with the 
discrete feature of the sequences justify the application of Evolutionary Algorithms, in 
particular Genetic Algorithms. 

Using these algorithms the space of sequences can be scanned very efficiently to 
find the optimal pathway by means of a “cloud” of closely related sequences. In 
addition to the reduction of expended time a further advantage of the application of this 
kind of algorithm is that, once a steady state is reached, the distributions of suboptimal 
pathways give some interesting insights into alternative metabolic structures, which may 
exert relevant functions in contemporary cells or in paleometabolisms [3]. However, a 
disadvantage of any application of Evolutionary Algorithms is the uncertainty whether 
the optimal solution has actually been found. For this reason we have compared the 
results obtained for »=4 from the Genetic Algorithm with the systematic search 
carried out in [4]. This allows us to choose the best set of parameters for steering the 
Genetic Algorithm. In addition, all optimal solutions must fulfill some necessary 
conditions derived analytically in [4]. 
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METHODS: 


The implemented Genetic Algorithm works as follows: 
0) At the beginning a population of Npop arbitrary pathways is produced and 
their corresponding ATP fluxes are calculated. 
1) Each pathway can be replicated according to an assessment by comparing its 
ATP flux with the ATP flux of the best pathway in the current generation. The 
probability, represented by the amplification factor A;, of replication of the ith 
pathway reads: 


J atp,i/J ATP, max 


A; = with 220 (3) 
1+.2-(\-Jarpi/Jatp.max) 


The limiting cases are Jatp i =Jarp,max- With 4; =1 and Jap j =0 with 
A; =0. The number of sequences, which are replicated, is determined by the 
steering parameter 2. If Q is high, only sequences i with Jaypj close to 
J ATP,max are replicated. 


2) Crossover as well as mutation operators act on each pathway with 
probabilities Poros, and Pry, respectively. Pry is related to the quality 
factor Q as follows: Pout = ( - Q). It is important to take into consideration 
that many crossover and mutation operations on pathways lead to pathways 
contradicting the three assumption of the model (see above). Therefore, we 


implemented thorough checks in order to produce just “meaningful” new 
pathways. 


Finally, in order to introduce a selective process in the population some 
pathways will be eliminated randomly (the population size N pop must be kept 
constant). 

4) The next generation starts at 1) 


3) 


RESULTS AND DISCUSSIONS: 


In Fig. 1 the fluxes of the optimal stoichiometries are depicted versus the time 
constant of the external ATP consuming process for the system sizes n= 4 and n=7, 
respectively. The bars are labeled with the optimal stoichiometries in vertical direction. 
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Figure 1. Jap in units of mMh"!, TaTPase in units of h. Time 
constants of the ATP producing system are 1.0h, equilibrium 
constant of the A-reaction: 1.962, equilibrium constant of P- 
reaction: 0.287, equilibrium constant of U-reaction: 7.3 for n=4 
and 3.115 for n =7; concentrations of the external metabolites: 
1.0 mM (for the choice of parameters see [4]), parameters of the 
Genetic Algorithm: Nyo) = 100, Q=0.8, 2=500, Porass = 0. 


For Tatpase 0.5 no A-reaction is incorporated and for 7aTpase 2 0.7 at least two A- 
reactions occur at the beginning of the optimal stoichiometries. These changes in the 
optimal stoichiometries can be explained if one takes into consideration that for 
increasing Tatpase, i.e. for a lowering of the external ATPase activity, the ATP 
concentrations also increases. For low Taypase the ATP concentration is low, which 
implies that the A-reaction, which has (by definition) ATP as a substrate, is very 
unfavorable. For higher 7aypase (higher ATP concentration) the situation occurs where 
an incorporated A-reaction at the beginning accelerates the ATP flux. 

Furthermore, a monotonous decrease of Jarp with increasing Taqpase for 
identical pathways can be observed. This can be explained by the fact that the number of 
ATP producing reactions is* always greater than the number of ATP consuming 
reactions. 

The optimal stoichiometry for 0.7<TarTpase $1.0 and m=4 corresponds to 
(A AUUpaUPPaUPa a) which has much in common with the design of standard 
glycolysis. This concerns, in particular, the location of the two ATP consuming 
reactions at the beginning and the number of ATP molecules consumed and produced 
per consumed external substrate. Differences in the number of P-reactions can be 
explained by the neglected splitting reaction catalyzed by the aldolase. 
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In the region 0.1<Ta7pase $0.5 the ATP fluxes Jarp is smaller for n=7 
(gray bars) compared with the case n=4 due to a lengthening of the pathway by 
additional U-reactions. According to Eq. (1) their corresponding AG? values are 
smaller than those of the case n =4. 

The points in the middle of the stoichiometries for =7 and in the region 
0.7 <7 $1.0 indicate a negligible influence of the reactions in the middle part on 
J xtp- This result has been already observed in [4] for n= 4: In the case of ATP 
consuming reactions located at the beginning the control of reactions on the flux are 
high in the upper and lower part of the pathway whereas the middle part has only a low 
influence on the ATP flux. A consequence of this fact is that many stoichiometries with 
almost equal fluxes (flat landscape) can be distinguished just very hardly using 
Evolutionary Algorithms. 

Finally, it may be interesting to discuss the influence of the operators Poross and 
Q on the dynamic of the implemented Genetic Algorithm. In Fig. 2 the generation, in 


Rar AVWNE ai 
‘\ SEER 
jc 0.4 5 


osm 00 


0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Q 


Figure 2. Generations, in which for n = 4 the optimal structure 

(AAUUpaUPPaUPaa) is found for the first time, versus Q and 

Peross- Npop =100, Q=1000, Farpase =1.0h, other 

parameters as in Fig. 1. For each pair (Q, Poross) = (i-0.1, 7-0-1) 

with i, j =0,1,...,9the generation of first appearance is averaged 

over 10 trials. 
which the optimal pathway (AAUUpaUPPaUPaa) is found for the first time, is plotted 
as a function of P.zos, and Q. As can be seen for small Q (high mutation rate) the search 
in the space of solutions seems like a random aimless search. For high Q, the probability 
to be trapped in a local maximum is high. Depending on the resolution of the surface 
plot there is a minimum for the required generation at about Q = 0.6..0.7. Nevertheless 


an improvement due to the incorporated crossover operations has not been observed in 
these simulations. : 
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INTRODUCTION 


The non-linear relationship between respiration rate and mitochondrial proton 
motive force (Ap) in non-phosphorylating mitochondria is widely known [1]. The cause 
of the non-linearity has been the subject of much debate. Four mechanisms have been 
proposed to explain it: (i) non-ohmic proton conductance of the mitochondrial inner 
membrane at high Ap [1]; (ii) an increase in proton conductance of the mitochondrial 
membrane at high respiration rate [2]; (iii) a drop in the number of protons pumped per 
oxygen by the respiratory chain (H’*/O ratio) at high Ap [3]; (iv) a drop in the H*/O ratio 
at high respiration rate [4]. The first two hypotheses propose that the proton pumps 
‘slip’, i.e. there is some electron transfer without proton pumping. 

A test has been used to distinguish between these hypotheses [5]. In isolated rat 
liver mitochondria, under physiological conditions, there was no evidence for any 
change in H‘/O ratio due to high Ap or respiration rate and no increase in membrane 
conductance at high respiration rate [6]. Hence, the mitochondrial inner membrane 
appears to display non-ohmic proton conductance at high Ap. Similar experiments on 
isolated hepatocytes have shown no evidence for any rate-dependency in proton 
conductance or H‘/O ratio but were inconclusive with regard to any change in H*/O 
ratio at high mitochondrial membrane potential (Ay) [7]. 


METHODS 


Experimental 


Liver cells were isolated from fed male Wistar rats (250-300 g) using the “two- 
step method” of Seglen [8] and stored on ice at approximately 25 mg dry mass.mI". 
Viability was > 90% (trypan blue). Cells were incubated in medium containing 110 
mM NaCl, 25 mM NaHCO,, 10.8 mM glucose, 6.25 mM Na,HPO,, 5 mM KCI, 1.5 mM 
CaCl,, 0.73 mM MgSO,, 0.48 mM KH,PO,, 0.6 mM methyltriphenylphosphonium 
bromide, 60 mg/ml inulin and 1.35% (w/v) defatted bovine serum albumin at pH 7.2 at 
10 mg dry mass.mlI" in a shaking water bath at 37°C under 5% CO,/95% air in sealed 
glass vials. Cells were pre-incubated for 10 min before further additions. 

Intracellular mitochondrial membrane potential and cell volume were measured 
using the method of Brand [9]. The plasma membrane potential was assumed to be -30 
mV under all conditions [10]. Oxygen consumption was measured using a Clark-type 
oxygen electrode. Non-mitochondrial oxygen consumption was determined as the 
myxothiazol-insensitive oxygen consumption and was subtracted from the total oxygen 
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consumption to give mitochondrial respiration. Respiration rates and Aw values were 
normalised to those measured for control cells in the absence of any 
inhibitors/uncoupler to decrease day-to-day variation in the experimental data. 

Mitochondrial phosphorylation was fully inhibited with oligomycin (1 mg.ml"). 
A titration with myxothiazol (0.25-2.0 mM) gave the non-phosphorylating oxygen 
consumption rate at different values of Ay. The myxothiazol (0.25-1.0 mM) titration 
was repeated in the presence of excess oligomycin and two different concentrations (1 
nM and 2.5 nM) of p-trifluoromethoxycarbonylcyanide phenylhydrazone (FCCP). Data 
for the two FCCP concentrations were obtained on separate days, but comparison of 
data obtained in the absence of FCCP (determined on all days) showed there to be no 
difference between the cells used. 


Theory 

Addition of sub-saturating concentrations of uncoupler to the cells will cause an 
increase in proton flux across the mitochondrial membrane. If the uncoupler is ohmic 
(as is the case for FCCP) then the extra proton flux will be proportional to Ap and the 
amount of uncoupler. If the H*/O ratio of the mitochondria is constant, then the extra 
respiration used to drive the uncoupler-induced proton flux, calculated at a given Ap 
(AJ,), will also be proportional to Ap and the amount of uncoupler. Hence, a plot of AJ, 
against Ap divided by the [FCCP] should be linear if H*/O is constant [5]. 


Ae Ane 


co] 


[FCCP] H*/O 


where C'° is the proton conductance of FCCP (constant) and Ap is the proton motive 


force (assumed to be primarily composed of Ay in hepatocytes [10]). 

If there is a Ap-dependency of H‘/O then a plot of uncoupler induced respiration 
against Ay will be non-linear [5]. Rate-dependence of H*/O and endogenous membrane 
proton conductance can also be tested by adding different concentrations of uncoupler. 
If either endogenous proton conductance or H*/O ratio depends on respiration rate then 
plots of AJ, against Ay will not superimpose for different FCCP concentrations [5]. 


RESULTS 

Fig. 1 shows the relative non-phosphorylating respiration rates plotted against 
Ay in the absence of FCCP and in the presence of 1 nM or 2.5 nM FCCP. Ona given 
hepatocyte preparation the data have been normalised to the control mitochondrial 
oxygen consumption rate and Aw value. Under control conditions, the average 
mitochondrial oxygen consumption was 12.6 + 0.3 nmol O.(mg dry mass)’; non- 
mitochondrial oxygen consumption averaged 16.7 + 0.5 % of total oxygen consumption. 
The average value of Ay for cells in the standard condition was 146 + 1 mV. 

The data in Fig. 1 was then used to calculate AJ./[FCCP] for each of the FCCP 
data points. AJ, was determined by calculating the difference in the observed respiration 
rates in the presence of FCCP and the interpolated respiration rate in the absence of 
FCCP at the same Ay (see Fig. 1) assuming the curve in the absence of FCCP passed 
through the origin. The derived plots of AJ,/[FCCP] against Ay are shown in Fig. 2. 
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Figure 1. Non-phosphorylating respiration in the presence and absence of FCCP. 
Mitochondrial phosphorylation was inhibited by the addition of a saturating amount of 
oligomycin (1 mg.ml’). Non-phosphorylating respiration rate was titrated with 
increasing levels of myxothiazol in the absence of FCCP (@), mean + s.e.m. n214, and 
in the presence of 1 nM (O) and 2.5 nM (Q) FCCP, mean + s.e.m. n25. Ay and 
mitochondrial oxygen consumption are reported relative to the control values (absence 
of oligomycin). The extra respiration caused by FCCP (AJ,) was calculated by 
interpolation (assuming the curve in the absence of FCCP passed through the origin). 
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Figure 2. Replotted data from Fig. 1 of AJ/[FCCP] against Aw. 
The additional respiration caused by the presence of FCCP (AJ,) was calculated as the 
difference between the respiration in the presence of the FCCP and the interpolated 
value at the same Ay from the myxothiazol titration in its absence - see Fig. 1. There 
was no significant difference (p = 0.1) between regression lines fitted to the data from 1 
nM FCCP (0) and 2.5 nM FCCP (QD) and a regression line fitted to both data sets is 
shown. Regressions took account of errors in both x and y (using the ratio of these 
errors estimated from the error bars shown). Note that the data points indicated by the 
arrow represent two superimposing data points, one from each of the FCCP 
concentrations. The closed symbols show the result expected if the non-linearity of the 
endogenous respiration in Fig. 1 was caused by Ap-dependent slip. The curve was 
obtained by assuming the lowest two points of the myxothiazol titration in the absence 


of FCCP were due to an endogenous ohmic proton conductance equivalent to 0.52 nM 
FCCP [7]: 
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The data show that there is a linear relationship between the extra respiration 
caused by the uncoupler and Ay. For comparison, a theoretical plot is also shown in 
Fig. 2, showing the predicted points if the non-linearity of the titration in Fig. 1 in the 
absence of FCCP had been due to slip in the proton pumps (assuming ohmic 
conductance of the mitochondrial membrane up to the lowest two data points of the 
titration). The replotted FCCP data show a linear relationship for AJ,/[FCCP] against 
Ay indicating that the H*/O ratio is independent of Ay. There is no tendency for the 
data to fit the theoretical slip curve. 


The data for the different concentrations of FCCP overlap indicating that there is 
no rate-dependency of H*/O or of membrane conductance, as reported previously [7]. 


In theory, the straight line fitted to the experimental data of Fig. 2. should pass 
through the origin. The intercept with the Aw-axis (equivalent to 74 mV) has been 
reported previously and may be caused by relatively large errors in very low values of 
Aw due to TPMP binding [6,7]. 


CONCLUSION 

Of the four models proposed to explain the non-linearity of the plots of non- 
phosphorylating respiration against Ap, the results are only consistent with theory that 
the phenomenon is caused by non-ohmic proton conductance of the mitochondrial inner 
membrane. The results are in agreement with those obtained previously for isolated rat 
liver mitochondria [6]. Previous work on rat hepatocytes has not excluded the 
possibility of Ap-dependent changes in H’/O ratio [7]. The linearity of the plots in Fig. 
2 rule out any Ap-dependence of the H’/O ratio, while the fact that replotted data for two 
different FCCP concentrations superimposes suggests no rate-dependence of either 
mitochondrial proton conductance or H’/O ratio. 
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INTRODUCTION 


Fluorescence induction curves registered from plant samples are known to 
reflect the complex sequence of primary and secondary photosynthetic processes, taking 
place after an increase in light intensity [1]. One of the most well-studied induction 
effects is the fast fluorescence rise - OIDP-kinetics (Fig.1). OIDP-kinetics represents the 
increase in the photosystem II fluorescence yield from the origin level (O) to the peak 
level (P) in the interval about 1 s after the beginning of illumination. The fluorescence 
rise OP is multiphase and usually the transients ID may be observed. After the peak 
level of fluorescence is reached the slow relaxation to the steady-state level T takes 
place. 

The models of fluorescence kinetics usually consider the fast (nano- and 
microsecond) processes of light absorption, transfer of excited states, charge separation 
[2] and (or) the slower (millisecond) processes of electron transfer through the two- 
electron-gate (redox-transformations of Q,Q,) [3, 4, 5]. The origin of nonmonotone 
behaviour of OIDP-kinetics is usually explained according to two basic hypothesis 
about the role of photosystem I (PS I) and heterogeneity of PS II units. ; 

In this paper we present a model of primary events of photosynthesis, which 
includes detailed consideration of the light-driven electron transfer processes and takes 
into account the conversion of photosynthetic energy. We focus on the investigation of 


the effects of transmembrane electric potential formation and decreasing lumenal pH on 
the parameters of fluorescence kinetics. 


MODEL DESCRIPTION 


The proposed mathematical model of primary photosynthetic processes [6] takes 
into account strict compartmentalization of photosynthetic processes. We consider 
photosynthetic events in three different chloroplast compartments: the thylakoid 
membranes, intrathylakoid space (lumen) and stroma of the chloroplast. The volume 
ratio between these compartments was put equal 1:1:10. 

The light-driven electron transfer in the thylakoid membranes is catalyzed by the 
complexes of photosystem II, cytochrome b6/f and photosystem I. The pool of the 
mobil electron carrier plastogiunone is also located in the membrane. The thylakoid 
membrane processes were considered in details and included in the model after the 
proper reduction of the system according to the hierarchy of time scales. These 
processes generate ApH on the thylakoid membrane by transmembrane electron transfer 
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and coupled uptake of protons into the thylakoid lumen. In the model the dependence 
of certain electron transfer stages on electric potential Ay is introduced. 

We also considered a number of processes, describing AwH consumption. ATP 
synthesis and ion fluxes of H*, K* and Cl through the thylakoid membrane according to 
[7]. 

The fluorescence was assumed to be proportional to the total concentration of 
PSII excited states multiplied by the corresponding rate constants of their inactivation 
by fluorescence emission. 


RESULTS 

The model allows to give a realistic description of the time course of chlorophyll 
fluorescence after the change in light intensity: nonmonotone behaviour of the fast 
fluotescence rise OIDP and the subsequent decrease in fluorescence yield PT (Fig.1). 
Here we consider fluorescence changes observed in response to the illumination after 
the dark adaptation period. 
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Figure 1. A. Calculated time course of fluorescence induction. B. Calculated kinetics 
lumenal ion concentartions (K,, Cl,). 


In the dark all the PS2 and PSI complexes are in the ground state and no 
excitation and charge separation processes occur. Plastoquinones Q,, Q, and all the 
mobile electron carriers of plastoquinone pool PQ and plastocyanin Pc were assumed to 
be fully oxidized in the dark. Concentrations of K* and CI in the stroma and lumen have 
an equal value. In these conditions the level of fluorescence is minimal (0 in our model). 
Transmembrane electric potential Ay and proton gradient ApH are also equal to zero. 

Let us consider in more details the sequence of primary photosynthetic events 
after the beginning of illumination in the interval 0-1 s (Fig.2) 
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Figure 2. A. Simulated fast fluorescence induction (Fl) and time courses of electric 
potential (Aw) and total concentration of PS II states with non-oxidized Q,Qx (Q) 


B. Calculated kinetics of lumenal ion concentration (K,, Cl,) and transmembrane 
electric potential Ay. 


After the beginning of illumination the light-driven electron transfer across the 
thylakoid membrane is activated, which is coupled to the uptake of protons into the 
thylakoid lumen. This results in the fast (about 100 ms) increase of Ay (Fig. 2) and ApH 
(not shown). The Ay increase leads to the deceleration of electron transfer process due 
to the dependence of a number of its stages on electric potential. This results in the fast 
fluorescence rise OJ. The maximal rate of Ay increase corresponds to the appearance of 
the local maximum I on the fluorescence induction curve. 

The H* uptake observed in the thylakoids in the light is possible due to the 
counterflow of other ions across the membrane. In the framework of our model we may 
suggest the following mechanism of this process. The Aw increase results in the 
acceleration of the ion transfer across the thylakoid membrane and leads to the K" - 
efflux and influx of Cl’.(Fig.2, B). In turn, these ion fluxes lead to the deceleration of 
Ay rise and subsequent decrease of Ay (Fig. 2, A). Deceleration of Ay rise facilitates in 
some extent electron transfer processes and leads to a fall in fluorescence yield (ID 
transition). Further fluorescence increase DP is caused by the electron back-pressure due 
to the reduction of quinone acceptors Q, and Q,.(Fig. 2A). When Ay starts to decrease 


the influx of K” may be observed. 
CONCLUSIONS 


The model appears to be realistic in describing some kinetic components of 
fluorescence induction. The process of the transmembrane electric potential formation 
as well as initiated ion fluxes were shown to play a significant role in the determination 
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of the fast fluorescence rise pattern. The model needs further refinements to give a 
proper description of ApH formation and the slow phase of fluorescence induction. 
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INTRODUCTION 


In skeletal muscle during recovery from exercise, phosphocreatine (PCr) 
resynthesis is entirely oxidative. The initial PCr resynthesis rate (V), a measure of 
oxidative ATP synthesis rate (Q), has a roughly hyperbolic relationship to [ADP] [1, 2]. 
However, re-analysis of data from aerobic exercise and mitochondria in vitro suggests 
that this ought more precisely to be sigmoid [3]. ‘Undershoots' in ADP recovery [4] are 
incompatible with simple ADP-control of the mitochondrion, although the extent of the 
discrepancy has not been well defined. To elucidate mitochondrial regulation in the 
exercise-rest transition, we examined relationships between V, [ADP] and the Gibbs 
free energy of ATP hydrolysis (AG,,,) after exercise of various durations. 


| V (min) Cc 


SUBJECTS & METHODS 

Ten males (25-45 y) 
performed finger flexion lifting 
10% MVC at 0.7 Hz. 8-scan *'P 


wo , [PCr] (mm 
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o! $21 AGatP (ksrmon magnetic resonance spectra at 1.5 
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o 2 4 68 8 w 2h D s ip. delay were acquired from 
70 , Cell pH 20 finger flexor muscle in a 4.7 T 


magnet using a double-tuned ('H- 
Pp) 5 cm surface coil. Subjects 
exercised separately for 0.5, 1, 
1.5, 2, 3, 4, 5 & 6 min, recovery 
data being acquired for 15 min. 
pH was calculated from the 
chemical shift of Pi, [Pi] and 
[PCr] from peak ratios, and 
[ADP] and AG, pas in [5]. 
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Figure 1. A & B show [PCr] & pH during 
exercise of differing duration (0.5-6 min) and 
recovery. C-E show the PCr resynthesis rate (V), 
AG 7p and [ADP] during recovery after exercise. 


RESULTS 


At rest pH = 6.99+0.01, [PCr] = 37.040.6 mM, [ADP] = 8.5+0.3 pM and AGarp 
= -64.5+0.2 kJ/mol (meantSEM). During exercise, power = 1.2+0.1 W and ATP 
turnover rate = 6045 mM/min. Figs 1A & B show how PCr and pH changes during 
exercise roughly superimposed in the 7 data sets, recovery occurring from a succession 
of endpoints. [ADP] and AG,7p rose in exercise: at 6 min, pH = 6.61+0.03, [PCr] = 1742 
mM, [ADP] = 40+5 pM and AG, = -55+1 kJ/mol. Fig 1C shows the time course of 
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PCr resynthesis. Figs 1D and 1E show post-exercise [ADP] and AG,y recovery: both 
showed undershoot, reaching minima of 7.2£0.3 4M and -66.1+0.1 kJ/mol. Exercise 
duration had no effect on initial V (mean = 3743 mM/min), implying that oxidative 
ATP synthesis was constant in exercise from 0.5 min. PCr recovery was near- 
exponential, and t,, increased with exercise duration (from 0.50+0.03 to 0.71+0.06 

min), and therefore also with 


MEI aig, ectnvonhereuiti 
6, 7]. (Although PCr t,, 
depends on_ mitochondrial 
function in theory [8, 9] and in 
fact [10], its dependence on 
end-exercise state makes 
interpretation difficult if end- 
exercise pH, for example, 


differs in patients and 
controls). Mitochondrial 
function is reflected by the 
in a “7 65 kinetics of ADP [4], which can 
be thought of as an error signal 
in a feedback loop [9]: 
accordingly, exercise duration 
had no effect on ADP 
recovery ty. (mean = 
0.3940.03 min). Exercise 
duration did not affect initial- 
recovery Quax (mean = 56+5 
mM/min), which is an 
estimate of ‘mitochondrial 
capacity’ calculated from 
initial V and end-exercise [ADP] [11], assuming for the sake of argument sigmoid 
kinetics with Hill coefficient = 2 [3] and Km = 25 uM, and basal Q of 2 mM/min. Fig 2 
shows the dependence of V on [ADP] and AG,,p throughout that phase of recovery in 
which V was measurable. These relationships were similar for all exercise durations, 
and Fig 2A shows the combined data. Calculating Qy,, becomes unreliable as recovery 
proceeds, but clearly no single relationship describes the relation between V and [ADP] 
(Fig 2A), and the main cause is the ADP undershoot. This is unlikely to be a fibre-type 
inhomogeneity problem [4]. In other studies undershoot was greater at lower pH [4], 
although the mechanism remains unknown. The implications for mitochondrial control 
by [ADP] can be seen in Figs 2A & C. The sigmoid ‘kinetic’ relationships illustrated 
(passing through the initial-recovery point) can account for the low ‘basal’ value of Q in 
recovery i.e. that component which does not fund PCr resynthesis (in resting human 
muscle basal Q = 1 mM min" [12]), but not for the ADP undershoot (Fig 2C). A similar 
discrepancy is seen in the quasi-sigmoid 'thermodynamic' relationship between V and 
AGap (Figs 2B & 2D): theoretical lines through the initial-recovery point fails to fit 
well both near-resting data (Fig 2D) and the early-recovery points (Fig 2B). 


ficies 2. fe between post-exercise PCr 
resynthesis rate (V mM/min), [ADP] (uM) and 
AGap (kJ/mol). Thick lines show combined 
(+SEM) data from experiments of different exercise 
duration (1-6 min). Thin lines are theoretical 
functions fitting the initial-recovery point: in A, 
Km = 25 pM, n=1.0-2.5 (based on [3]); in B, 
min/max Q = 0.05-0.10 (based on [13]). C & D are 
expansions of A & B (arrows show resting state) 
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Effect of n Effect of Km 


RelativeQmax 


[ADP] 


Free energy 


Figure 3. Relationships between 
oxidative ATP synthesis rate and [ADP] 
& AG,yp, assuming ‘kinetic’ control, 
showing the effect of changing the Hill 
coefficient (A & B) and affinity for ADP 
(C & D). Based on [14], varying Km and 
n 


Figure 4. Relation between oxidative 
ATP synthesis (Q, relative to ‘basal’ 
Quax) and [ADP] in the 'parallel 
activation' model: also shows apparent 
Quax, and ADP-saturation of the 
translocase as labelled 


DISCUSSION 


In general, hyperbolic (Michaelis-Menten) kinetics imply sigmoid force-flow 
relationships for conserved systems [13], and the truth of this for mitochondrial ATP 
synthesis [14] is seen in aerobic exercise [15]. Here we make two theoretical comments. 
The classical analysis of this implication [14] must be modified in view of the new 
evidence that the 'kinetic' Q-to-[ADP] relationship is second-order [3]. Fig 3 shows how 
the form of this affects that of the 'force-flow’ telationship to AG,;7p. Second, it has been 
argued that because large changes in Q can occur without large changes in [ADP], there 
must be a component of what is variously called 'open-loop' control [9], ‘feed-forward! 
regulation, or ‘parallel activation’ [16]. Conversely, it is argued that this postulate is 
unnecessary in view of increased dynamic range afforded by the sigmoid response to 
ADP {3]. To make the parallel-activation proposal more precise, Fig 4 shows a simple 
and fairly general model of this. In this model, effective Qy,x in exercise is taken to be a 
saturable function of a signal proportional to ATP turnover (this could be e.g. calcium). 
Fig 4 shows the resulting steady state transfer function relating Q to [ADP}. It can be 
seen that the effect of this mechanism is to alter the effective Km for ADP and increase 
the available dynamic range (compare Q with the 'translocase saturation’ line in Fig. 4, 
which also shows the resulting relationship between ‘stimulated’ Qy,; and ADP). In 
recovery from exercise however, as the presumed 'parallel activation’ signal must decay 
rapidly, one might expect V largely to reflect ‘unstimulated’ Quax Alternatively, Quax 
might decline rapidly after exercise, as decreasing blood flow reduces oxygen supply, to 
values lower than any seen during exercise. None of these possibilities can be excluded. 
However, this could not explain how oxidative ATP synthesis in excess of basal can 
occur despite sub-resting [ADP]. 'Basal' ATP tumover is probably higher in early 


202 


recovery than at rest, due to the need to restore ionic gradients: but this works the wrong 
way to explain the ADP undershoot. Thus neither model fully explains the control of 
mitochondrial ATP synthesis in recovery, although the present work shows that the 
relationships upon which both are based are relatively independent of exercise duration 
despite substantial changes of pH. Because of the constraints of the creatine kinase 
equilibrium, large pH changes are necessary to distinguish these models [17], but clearly 
not sufficient. The effects of respiratory acidosis on oxygen consumption in stimulated 
rat muscle are more plausibly described as changing ‘mitochondrial conductance’ 
(dQ/dAG,7p) and 'mitochondrial potential’ (AG,;, at Q=0) than Qy,, and Km [5]. It 
would be interesting to know its effects on the V-to-[ADP] and V-to-AG,p relationships 
in recovery from exercise. 
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INTRODUCTION 

. The glycolytic pathway of various organisms has been exploited for thousands 
of years for the production of alcohol and lactic acid. More recently, the fundamental 
question has been asked of what controls the flux through glycolysis, and much work 
has been done to determine the control by enzymes of the glycolytic pathway. 
Surprisingly, none of the glycolytic enzymes exerted a significant control on the 
pathway flux (Schaaff et al., 1989). According to metabolic control theory (Kacser and 
Burns, 1973; Heinrich and Rapoport, 1974) the sum of control exerted on the glycolytic 
flux should add up to 1. But metabolic contro! theory also shows that flux control could 
reside in any of the enzymes in the system, i.e. also in the processes that consume the 
ATP generated in glycolysis (the ATP demand). It therefore becomes important to 
determine experimentally to what extent these processes control the glycolytic flux. 
However, to undertake the task of overexpressing all the enzymes involved in the 
anabolic processes and measuring their contribution to flux control is not realistic. 
Besides, the control of the glycolytic flux could easily be distributed over numerous 
anabolic processes and the control coefficients may then be too small to be measured 
accurately. A way to circumvent this problem would be to introduce an additional ATP 
consuming process. Such a process should not interfere with other aspects of 
metabolism. An ATPase that would simply hydrolyze ATP to ADP and P., without 
coupling to any energy conserving reaction, would be ideal for this purpose. One of the 
normal enzymes that comes closest to the ideal ATP-hydrolyzing enzyme is part of the 
membrane bound H*-ATPase. This huge enzyme complex consists of two parts, the 
membrane integral part, F,, which forms a proton channel, and the cytoplasmic part, F,, 
which contains the catalytic site for conversion of ATP to ADP and P,. In this paper we 
show that when parts of the F, part is overexpressed glycolysis is increased and growth 
decreased. Modulation of ATPase activity then allowed us to estimate the control 
exerted by the ATP demanding processes on the glycolytic flux, from the relative 
elasticities of demand and supply, with respect to AG,. 


MATERIAL & METHODS 

Bacterial strain : Cloning, plasmid propagation as well as growth experiments were 
performed using E£. coli K-12 strain BOE270, derived from MC1000 (Casabadan et al., 
1980), kindly provided by Dr. Lars Boe. 

Enzymes : Restriction enzymes, Calf Intestine Phosphatase, and T4 DNA ligase from 
Pharmacia and New England Biolabs were used as recommended. 
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DNA techniques : DNA isolation, cutting with restriction enzymes, treatment with T4 
DNA polymerase and calf intestine phosphatase were carried out as described by 
Maniatis ef al., (1982). 

Cloning E. coli atp genes under the control of an inducible promoter : Details of 
this work will be given elsewhere (Koebmann ef al., manuscript in preparation). 
Shortly, the plasmid pBJC917 (von Meyenburg ef al.,1984), which carries the entire afp 
operon was cut with proper restriction enzymes to get fragments containing different 
combinations of the afp genes that encode subunits of the F1 part, i.e. i) atpAGDC 
(subunits a, y, B, €), ii) atpAGD , iii) atpDC and iv) atpD, see Jensen (1998) for details. 
The fragments were cloned in pTTQ18 (Starck, 1987), resulting in the plasmids pTAC- 
AGDC, pIAC-AGD, pTAC-DC, and pTAC-D (figure 1), in which different 
combinations of the afp genes can be induced from a fac promoter. 

Cloning of afpAGD under the control of artificial promoters : The atyAGD fragment 
from pTAC-AGD was cloned downstream of the CP promoters on the plasmids pCP32, 
pCP34, pCP41, and pCP44 (Jensen and Hammer, 1998), resulting in pCP32::atpAGD, 
pCP34::atpAGD, pCP41::atpAGD, and pCP44::atpAGD (figure 1), which express the 
atpAGD genes to different extents. 

Growth experiment : Growth experiments were performed with strains having atpAGD 
under control of either an inducible tac promoter or a range of artificial promoters, i.e., 
CP32, CP34, CP41 and CP44. Strains with the respective expression vectors were used 
as control. The strains were inoculated from overnight-cultures at 30°C into shaking 100 
ml ABT-medium supplemented with 0.04% glucose and 200 pg/ml erythromycin (pCP- 
vectors) or 100 g/ml ampicillin (pTAC-AGD). For the strain containing pTAC-AGD 
we also added different concentration of IPTG. Regular measurements of OD4s5) were 


made and samples taken for measuring [ATP] and [ADP], as described by Jensen ef al., 
(1993). 


& Y B e Subunit 
pTAC-AGDC al bla tigen ‘SSP __alpA atpG atpD _alpC__Gene 
= a 

pTAC-AGD alpA atpG atpD 
= ee ee ee ee or 
pTAC-DC atpD atpC 
- [EE eo ee 
D 
pTAC-D SS 
pCPX::afpAGD dock M orl erm > _alpA atpG atpD 
oe ET oor 


CPX 
Fig. 1. Linear representation of the plasmids constructed for modulating the cellular ATP/ADP ratio in E. coll (not drawn ta scale). 
See text for further details. X:= 32, 34, 41, 44, 


RESULTS AND DISCUSSION 


Expression of ATPase activity inhibits the growth of E. coli. 

We constructed plasmids that express, from a fac promoter, combinations of the E. coli 
genes coding for the F, ATPase subunits (see figure 1). The strains containing one each 
of the four plasmids were streaked onto LB plates containing ampicilin (100 j:g/ml) and 
varying amounts of IPTG, to induce the expression from the fac promoter. The strain 
carrying the genes for the four subunits a,y, 8 and ¢ (pTAC-AGDC), was only very 
slightly affected in growth, even in the presence of 1 mM of IPTG, while the 
combination of F,-subunits caused severe growth inhibition in the presence of 1 mM of 
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IPTG. At intermediate concentrations of IPTG the plasmids affected the growth of their 
host cell to different extents. These results are in accordance with reconstitution 
experiments, which showed that the complex a,yB, was most active with respect to ATP 
hydrolysis in vitro (Dunn and Heppel, 1981). The observation that the overexpression of 
B-subunits alone caused severe inhibition of growth was somewhat surprising. 

The effect of induction of ATPase was also studied with cells grown in liquid cultures. 
For this purpose we chose the strain PJ4333, carrying the plasmid pTAC-AGD, which 
appeared to be the most active plasmid with respect to the inhibitory effect on the 
growth of E. coli. PJ4333 was grown in minimal medium supplemented with a limiting 
concentration of glucose, without IPTG and in the presence of increasing concentrations 
of IPTG. Surprisingly, we observed that the growth rate first increased with increasing 
amounts of IPTG up to about 30 pM. At higher IPTG concentrations the growth of the 
cells was gradually more inhibited by IPTG. We attributed this to growth inhibition by 
the vector itself, which appeared to inhibit the growth by some 30%. Indeed, also the 
strain which carried the empty vector was stimulated in growth rate by the addition of 
IPTG. Perhaps the high expression of lactose repressor protein from this vector inhibited 
the growth, this effect being alleviated by the addition of IPTG. The yield of biomass on 
glucose decreased drastically with increased ATPase expression in the cells, which 
indicated that more and more ATP was being hydrolyzed. 


1 


——[ATP] 
—#- [ADP] 
—A—[ATPYTADP] 


Figure 2 : Measurements 
of the intracellular 
ATP/ADP ratio with 
increasing expression of 
atpAGD from a_ tac 
promoter (from Jensen, 
1998). 
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We then measured the concentration of ATP and ADP in cells growing at 
different expression levels of ATPase activity (figure 2). The intracellular ATP 
concentration decreased gradually and the ADP concentration increased, with increased 
expression of ATPase. Therefore, the [ATP]/[ADP]-ratio decreased with increased 
expression of 
ATPase, which indicates that ATP was converted to ADP and P,, as a result of ATPase 
expression. 


Expression of F,-ATPase activity from constitutive promoters in E. coli. 

Due to the unexpected effect of low concentrations of IPTG on the growth of 
cells carrying the inducible atpAGD genes, we were unable to use these data for 
estimating the elasticities of the ATP demand and ATP supply towards the 
phosphorylation potential, AG,. To remove the requirement for varying concentrations 
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of IPTG, the E. coli atpAGD genes were therefore cloned downstream of four 
constitutive promoters of moderate but different strengths and transformed into E. coli. 
The strains were subsequently characterized with respect to the specific growth rate, p, 
yield on glucose, Y,,,., and glycolytic flux, J,,,.. These results are shown in table 1. 

The expression of the F,-ATPase subunits had a slightly negative effect on the growth 
rate as its expression level was increased. At high expression level the drop in growth 
rate was more pronounced. The effect on the growth yield however was much stronger 


and at the highest expression level the growth yield had dropped to 35% of the initial 
value. 


Table 1 : Expression of uncoupled F1-ATPase activity (a-, y-, B-subunits) in E. coli 
(from Koebmann ef al., manuscript in preparation). 


Biomas Growth Glucose |Biomas Growth Glucos 
Ss rate 
yield y flux 


gdw/mmo!} h-1 mmol glu- 
glucose 


cose/t/gdw 


The ATPase activity is increased from top to bottom in the table. 


The glycolytic flux was stimulated by 70%, but when the overexpression 
became to high, we observed a drop in the glycolytic flux, which coincided with a 
strongly reduced growth rate. Apparently, hydrolysis of ATP can only be complemented 
to a certain extent by an enhanced glycolytic flux. A further removal of free-energy will 
eventually kill the cell, as we had already seen with the IPTG induced ATPase 
expression (see above). 


The glycolytic flux is controlled by the demand for ATP. 

In a simple view, cellular free-energy metabolism is divided into supply and 
demand for ATP, where we have assumed that ATP production is strictly coupled to 
growth : 
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ec, ce, 
Substrate ———> AG, ——> Growth 


Metabolic Control Analysis of this simple scheme allow us to express the flux control 
coefficients in terms of the elasticities of the two modules, i.e.: 


dinJ, 
d] aG, fac, | 


Ce ™ Pr = “Tin, dind, 

&p P a[ac,] a[ac a) 

If we change AG, by introducing a small amount of uncoupled ATPase, we should be 
able to calculate the two elasticities with respect to AG, and from that we should be able 


to calculate the control coefficient, Cc . But since both elasticities are measured in one 


experiment where AG, is perturbed only slightly, eq (1) reduces into (Westerhoff and 
van Dam, 1987): 


(1) 


gem) I (2) 
«  dinJ,—dlnJ, “yee 
which becomes 
1 
Cae (3) 
i= A\% 


for small changes in the relative fluxes. 
Using Eq. 3, we calculated the control by demand on the glycolytic flux, Ch : 


for each level of ATPase, and found 0.76, 0.72, 0.70 and 0.36 for the four increasing 
levels of ATPase expression, respectively. This demonstrates that in the wild type cell 
the control by demand on the glycolytic flux is at least 0.76, which indicates that the 
demand for ATP is strongly involved in the control of the glycolytic flux. This leaves 
only a small amount of flux control to the supply reaction and may therefore offer an 
explanation to why the individual glycolytic enzymes appear to have very little flux 
control in same system. In this paper, the change in ATP demand is only increased 
relative to the wild type level. In principle, one should also lower the ATP demand to 
calculate the control coefficient at the wild type level, but this is of course not feasible 
with the current approach. However, the relative constant control coefficients with 
respect to the extent of modifications indicates that the control coefficient may also be 
valid at the wild type level of demand. We are currently constructing plasmids that 
should allow us to make even smaller increases in the ATP demand. 

It is interesting that the flux control was found to be relatively independent on which 
level of ATPase activity was being used in the calculation. Only at very high expression 
level the control by demand decreased significantly. 
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INTRODUCTION 

The steady-state rate of the antimycin induced superoxide generation in beef 
heart submitochondrial particles was shown to be maximal at the [succinate]/[fumarate] 
ratio of about 1:5 and decays at both higher and lower redox potentials [1]. 
Concentration of protonated semiquinone at centre “o” of bc, complex (substance 
donating one electron to oxygen with superoxide formation) as well as upstream Q- 
cycle intermediate - ubiquinol, has to follow the same bell-shaped dependence. For 
submitochondrial particles respiring on succinate this paradoxical behaviour of steady- 
state ubiquinol concentration at succinate titration can be explained through the similar 
dependence of rate of succinate ubiquinone reductase (SUR) on the succinate 
concentration. The aim of the paper is to show that assumption that antimycin affects 
ubiquinone binding site of SUR would suffice to describe bell-shaped dependence of the 
rate on [succinate]/[fumarate] ratio. In contrast, inhibition of carboxylate binding site of 
SUR cannot provide such dependence. 


MATHEMATICAL MODELS 

A mathematical model of enzyme cycle of SUR includes 12 states of the enzyme 
(Scheme 1): 
x=( lox|Q), x=( Joxl ), xs=( |oxlIQH,); 
y:=(Slox|Q), y2=(Slox] ), ys=(Slox|QH,); 
Z,;=(Flox|Q), 2=(Flox| ), 2=(Flox|QH,); 
wi=(lredjQ), w2=(F|red|_), ws=(F|red|QH,); 
First and third positions inside the brackets mean carboxylate (i.e. succinate and 
fumarate) and ubiquinone binding sites, respectively. Second position determines redox 
state of the enzyme: “ox” stands for oxidised enzyme forms and “red” stands for 
reduced enzyme forms. Empty place at first or third position inside the brackets means 
empty binding site. x,, y;, Z;, i=1,2,3, correspond to oxidised enzyme states: 
and w,, i=1,2,3, correspond to reduced enzyme states: 
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Scheme 1. Enzyme cycle of succinate ubiquinone reductase. 


S, F, Q, QH, designate succinate, fumarate, ubiquinone and ubiquinol, correspondingly. 
Concentration of the species are parameters of the model. In accordance to experimental 
data [2] all substrates and products have different affinity towards oxidised and reduced 
enzyme. Other experimentally observed fact which we take into account is that fumarate 
cannot leave reduced enzyme. Values of all equilibrium constants were taken from [2]. 


RESULTS 


Assumtion that succinate and ubiquinone association as well as fumarate and 
ubiquinol dissociation are quasi-equilibrium processes allows us to reduce scheme 1 to 
the simple two-state scheme (not shown). Using the two-state scheme we derived rate 
equation which described experimentally measured, monotonously increasing 
dependence on succinate concentration. 

Then, we considered the case when antimycin (directly or through the bc, 
complex which is possibly connected to succinate dehydrogenase via special protein 
[2]) affected complex II in a such way to slow down operation carboxylate binding site. 
Consequently, all processes connected with succinate/fumarate association/dissociation 
cease to be quasi-equilibrium. This, in tum, reduce scheme 1 to scheme 2. 
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Scheme 2. Enzyme cycle of SUR which carboxylate binding site affected with 
antimycin. 


Here, 
X=X,+X,+X3; Y=y  ty2ty3; Z=Z,+Z,+Z,; W=w, tw,tws; 
We found that rate equation corresponding to Scheme 3 is monotonous dependence on 
succinate. 

Finally, we considered the case when antimycin inhibited ubiquinone binding 
site. Taking into account the fact that only processes of association/dissociation of 
succinate/fumarate are quasi-equilibrium we transformed Scheme | to Scheme 3. 


S QH2 S 


Scheme 3. Enzyme cycle of SUR which ubiquinone binding site affected with 
antimycin. 


Here, 

E,=x,+y,+Z,; E,=x,+y2+Z,; Ey=xstystZ35 

Rate equation corresponding to Scheme 3 shows bell-shaped dependence on 
[succinate]/[fumarate] ratio (see Fig. 1). Indeed, increase in succinate concentration 
Tesults in increase in rate of fumarate formation until sum of concentrations of appendix 
forms of SUR, i.e. w, and w;, constitute the major portion of enzyme. Then, reaction 
rate decreases with increase in succinate. 
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Figure 1. Dependence of relative rate of SUR which ubiquinone binding site affected 
with antimycin on [succinate]/[fumarate] ratio. 
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INTRODUCTION 

The lactic acid bacterium ako 
Lactococcus lactis is used extensively as a _C*#bollsm_\ 
starter culture in the dairy industry, where ' ¢ 
the production of lactate is important. The 
sugar in milk is taken up and converted 
into pyruvate through glycolysis. This 
process generates two molecules of ATP 
and two molecules of NADH per glucose 
equivalent (see left part of Fig. 1). Since L. 
lactis does not benefit from oxidative 
phosphorylation, the NADH is oxidized 
back to NAD* by reduction of pyruvate to Figure 1. Partitioning of metabolism in L. lactis 
lactate by lactate dehydrogenase (LDH). MEepolste in L. lactis can be split up into three 

sections: catabolism, anabolism and an energy link 

Furthermore, the excretion of lactate from between the two. Dotted, full and dashed lines signify 
the cell and into the medium adds to the redox, energy generating and energy consuming 
proton gradient and thereby to the total reactions, respectively. BB designates building blocks 
energy gain [11]. The fermentation pattern (€-8- amino acids). 
in which primarily lactate is formed is 
called homolactic fermentation. 

Under conditions where the energy source is limited 


~Energy link >>... 
Anabolism 


there is an alternative pathway for pyruvate, namely the Glucose 

conversion into formate, acetate and ethanol [5]. This 5 yappya]'C¥O¥s') 
fermentation pattem is named mixed acid fermentation 2 ATP 2 NADH 

and the committed step is conversion of pyruvate into 2 Pyrvate OH) 2 Lactate 
formate and acetyl-CoA by pyruvate formate lyase (PFL). (PFL) ® Formate 
As can be seen from Fig. 2, the two molecules of NADH 
formed in glycolysis are still oxidized back into NAD* by ,,, 2 Aga 2NADH 
conversion of one acetyl-CoA into ethanol by. alcohol pack) \{A0#) 
dehydrogenase (ADH). The other acetyl-CoA can be Acetate Ethanol 


converted into acetate by acetate kinase (ACK), and an Figure 2. Homolactic and mixed 
extra ATP is gained. Because of the redox constraint, the 20id fermentation a 

P ‘ When primarily LDH is active, 
ACK and ADH fluxes are equal, and there is a net gain OF she feementation pattem is 
3 ATP per glucose equivalent in mixed acid fermentation, homolactic. If PFL (and possibly 
as opposed to a gain of only 2 ATP in homolactic also LDH) is active the cells 
fermentation (see Fig. 2). However, under most exhibit a mixed acid fermentation 
conditions where PFL is active, LDH is also active, and a Patter. See Fig. 3 for legend. 


combination of the two flux patterns is observed. 
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To get a better understanding of the regulation of the shift from homolactic to 
mixed acid fermentation in L. lactis, we have perturbed the metabolism both genetically 
and by adjusting fermentation parameters. From these experiments and from data found 
in the literature we have constructed a modular metabolic computer model of the free- 


energy metabolism in L. /actis. 


The computer modeling was performed in WinModel 1.0 [12]. WinModel is a 
Windows 95 application, which encapsulates the DOS modeling program SCAMP 
2.4gc [13] by an easy-to-use interface. Furthermore, there are additional features for 


finding syntax errors and drawing graphs directly in Gnuplot [16], which makes it 
possible to set up simple animations. 


MATERIALS & METHODS 


Strains and plasmids 

Lactococcus lactis subsp. 
cremoris MG1363 was used for 
the fermentation experiments. 

The Idh gene from 
pMU2901 [9] was engineered to 
contain a deletion. It was 
thereafter inserted into pG*host4, 
which is a temperature sensitive 
vector for gene replacement [2]. 
This construct was used to 
inactivate [dh in MG1363 by 
homologous integration followed 
by excision and screening for the 
Idh’ phenotype [12]. The mutant 
was verified by DNA sequencing. 


Cloning techniques 

Standard cloning procedures 
were employed [10], in which E. 
coli was used as an intermediate 
host. 


Growth of L. lactis 

SA synthetic medium [7] 
with 2.5g/l of glucose was used 
for growth of L. lactis. pH was 
kept constant at 7.0 by automatic 
titration with 2.0M NaOH. The 
culture volume was 0.61, and the 
agitation rate was 200rpm for 
batch and 750rpm for chemostat 
cultures, both of which did not 


\ 

1 

(ATPace) ) ! 

ATP —————> ADP + P, (ALD) 1 : 
\ 1 i 
BB »} 1% 
af , * 18 P, —----GaP roa 
iM ATP 16 P, NAD) 4 
| (Growth) 1 ae NADH 14 
1) ADP+P,  ! BPG 1 ta 
ii 1 ADP 1 ' a 
i{ Biomass ' worn) , ! a 
{ {Oxldase) ; Ate : ; : 
‘ @ , 

\ NADH} NAD ’ PEP= = — - 


i ADP 3 

1 P--=-4-- <--'6 = 

bs 'S) v Lactate 
EOH, apy (PFL) T\ in 


Se Acetyl-CoA Pyr 

,wW NX ; 

‘NAD NADH He 3 He 
cx NADH NAD ~ 
Acetate Formate 


Figure 3. Modules in model of L. Jactis metabolism 

Dashed lines signify either positive or negative regulation as 
indicated by a plus (+) or minus (-) sign. Modules: PTS, 
phosphotransferase system; PFK, phosphofructokinase; ALD, 
aldolase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
PGK, phosphoglycerate kinase; PK, pyruvate kinase; LDH, 
lactate dehydrogenase; PFL, pyruvate formate lyase; ACK, 
acetate kinase; ADH, alcohol dehydrogenase. Metabolites: F6P, 
fructose-6-phosphate; FBP, fructose-1,6-biphosphate; GAP, 
glyceraldehyde-3-phosphate; BPG, 1,3-biphosphoglycerate; 
PEP, phosphoenolpyruvate; Pyr, pyruvate; BB, building blocks. 
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cause vortex formation. No form of gas sparging was used in the cultures, but since the 
vessels were not sealed, oxygen from the atmosphere could freely enter the growth 
media. 


Measurement of end metabolite concentrations 

HPLC was used to measure glucose, lactate, formate, acetate and ethanol 
concentrations in the L. /actis culture medium. The column used was a Bio-Rad HPX- 
87H, and the mobile phase was 5mM H,SO,, with a flow rate of 0.5ml/min. 


RESULTS 

Growth of L. lactis in rich media can be 
viewed as the uptake of building blocks by 
the‘ proton gradient followed by their 
incorporation into cell material at the 
expenditure of ATP (see right part of Fig. 1). 
As mentioned in the introduction, the redox 
balance closes in catabolism. Also, less than 
5% of the sugar taken up from the medium is 
used for cell mass [1]. Consequently, the only 
link between anabolism and catabolism is 
ATP/ADP ane he P roton Eranient bee Figure 4. Main model fluxes as a function of 
middle part of Fig. 1). This partitioning of 4. glucose concentration. 
metabolism forms the basis of a modular The shift towards mixed acid fermentation 
kinetic model. The 17 modules have (signified by the PFL flux) is apparent as the 
simplified kinetics where the parameters are glucose concentration decreases. See Fig. 3 for 
based primarily on adjusting the model to [2e"¢. 
exhibit behavior found in the literature with 
respect to 1) how metabolite concentrations and fluxes in L. lactis change according to 
growth conditions, 2) proposed regulative patterns, 3) the finding that control of 
glycolysis in E. coli is largely controlled by the ATP consuming processes (see 
Kobmann et al., these BTK proceedings) and 4) results from own experiments. 

The 17 modules of the model that have been set up are shown in Fig. 3. As can be 
seen, the focus has been on catabolism and its regulation, particularly the shift from 
homolactic to mixed acid fermentation. Anabolism in the model consist only of two 
modules, namely uptake of building blocks by the proton gradient and their 
incorporation into cell material at the expenditure of ATP (see left part of Fig. 3). The 
reaction kinetics for each of the modules is of a reduced reversible Michaelis-Menten 
type. The general format of the rate equations is 


0.01 002 00 O04 OO 008 007 
Glucone (mia 


ya KA FS Sy eS oR PP 
I’ 1+S,+S,+..+5S,, + P+ B+..+P, 


although there are some deviations for certain modules. K signifies a constant with unit 
[mmol/g dw/h], S), a substrate, m the number of substrates, P,, a product, n the number 
of products, A an activator with the exponent a, J an inhibitor with the exponent i and, 
finally, & is a constant. 
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The central point of the model is that it should simulate a shift from homolactic to 
mixed acid fermentation when the glucose concentration drops below about 0.05mM 
[1]. As can be seen from Fig. 4, the model has been developed to show this response. At 
glucose concentrations above 0.05mM only lactate is produced by LDH, but when the 
glucose concentration drops below 0.05mM we see a gradual shift towards mixed acid 
fermentation as indicated by formate production by PFL (see Fig. 4 and Fig. 2). 

Two of the major factors in the shift from homolactic to mixed acid fermentation 
are believed to be the concentrations of fructose-1,6-biphosphate (FBP) and the triose 
phosphates (which are combined as glyceraldehyde-3-phosphate (GAP) in the model). 
FBP is believed to activate pyruvate kinase (PK) and LDH [14], whereas GAP inhibits 
PFL [5] (see Fig. 3). Both the FBP and GAP concentrations in the model behave 
quantitatively as stated in the literature, as does the ATP concentration (data not shown, 
[4, 5, 15]). The phosphoenolpyruvate (PEP), pyruvate (Pyr) and inorganic phosphate 
(P,) concentrations of the model behave qualitatively as found in the literature. 

Enzyme abbreviations are shown in Fig. 3. See text for details. About 15% of the carbon 
was not accounted for in the fermentations. This lost carbon was disregarded in the left 
graph. Notice the small deviation between the x-axis scales. 

Both batch and chemostat fermentations were performed to obtain additional 
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Figure 5. Relative C-fluxes for fermentations and model as a function of the specific growth rate. 


data for the model. The relative carbon fluxes (C-fluxes) for some of these 
fermentations are shown in the left part of Fig. 5. It was expected that the ACK and 
ADH fluxes should be equal as illustrated in the introduction, but this was not what was 
found. The ACK flux was several-fold higher than the ADH flux (see left part of Fig. 5). 
One reason for this could be NADH-oxidase activity due to aeration of the medium in 
the chemostat. This aeration could have been caused by the 750rpm of agitation, and the 
fact that the overflow pump constantly sucked fresh atmospheric air into the headspace 
of the vessel. Therefore, a NADH-oxidase was incorporated into the model, as shown in 
the left part of Fig. 3. By doing this, the ACK flux becomes relatively higher than the 
ADH flux, as found in the fermentations. The output from the model is shown in Fig. 4 
and the right part of Fig. 5. 

We are currently in the process of constructing strains of L. /actis MG1363 with 
altered expression of the pyk and Idh genes which encode PK and LDH, respectively 
(see Andersen et al., these BTK proceedings). As indicated under materials and methods 
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a Idh mutant has been engineered, which exhibits mixed acid fermentation [12]. 
Plasmids that have artificial constitutive promoters [8] upstream of the wild-type /dh 
gene are being constructed and will be integrated into the chromosome of the /dh 
mutant. When finalized, these strains will be investigated in fermentations. A similar 
approach is being used to investigate the effect of the expression of the pyk gene. 

The presented model predicts that lowering the LDH activity should result in more 
mixed acid fermentation (data not shown). Intuitively, this is that we expect, since 
reducing the expression of /dh should result in a build-up of pyruvate (see lower right 
comer of Fig. 3) and thereby a relatively higher flux through PFL, which has a lower 
affinity for pyruvate than LDH, although this has been questioned [3]. The result of this 
would be a more pronounced shift towards mixed acid fermentation at a higher glucose 
concentration. 

If we look at PK instead, the model predicts that lowering the PK activity should 
lead to less mixed acid fermentation (data not shown). A qualitative reasoning for this is 
that there would be a build-up of metabolites before PK, including FBP and GAP. This 
would activate LDH and inhibit PFL (see regulatory pattern in Fig. 3) and hence result 
in less mixed acid fermentation. 


DISCUSSION 

This paper explores an alternative way of doing metabolic modeling. An 
important difference compared to traditional modeling is that in vitro enzyme kinetics is 
not required. Instead, we start out with equations with simplified kinetics and 
continually refine the model by adjusting the overall elasticities of the modules to fit 
flux and metabolite behavior in the literature and our own fermentations. A drawback of 
this approach is that the starting point is not much more than a flux analysis model. 
However, we have chosen this approach anyway, because we believe that the control 
and regulation of a living cell is far too complex to be described accurately from in vitro 
kinetic data. The numerous regulatory mechanisms in a living cell, many of which run 
through the level gene expression and enzyme modification etc., will be very hard to 
incorporate quantitatively into a rate equation (this of course becomes even more 
complicated when a modular approach is used, where several reactions are combined 
into one rate equation). Moreover, even if it was possible, the in vitro kinetic data would 
probably be inaccurate in vivo, because the in vivo conditions are far too complex to be 
simulated in a test tube. We believe that one of the dangers of building models from in 
vitro kinetics is that one tends to accept the predictions of the model unconditionally, as 
a consequence of their objective origin. 

The model predicts that reducing the LDH activity will enhance mixed 
fermentation, whereas lowering the PK activity will decrease mixed acid fermentation. 
When the engineered constructs with altered pyk and Idh expression have been 
completed, fermentations will be performed and the results can be compared to the 
predictions of the model. Flux control coefficients will also be calculated from the 
fermentation data. These in vivo coefficients are invaluable in the empirical modeling 
approach used here. 

Data from Garrigues et al. [6] indicates that the shift from homolactic to mixed 
acid fermentation could be mediated by the redox balance of the cell as a consequence 
of the relative elasticities of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
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and LDH enzymes towards NAD* and NADH. In our model, the redox balance plays 
only a minor role in the shift to mixed acid fermentation. 
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INTRODUCTION 

. The role of chloride in skeletal muscle cellular physiology is to date not very well 
understood. The reason for this becomes clear if one knows the history of the findings in 
this field of research. It took until the late 1950's to acknowledge the fact that the Cl 
permeability, Pc], is actually very high in skeletal muscle [1]. Before that, it was 
thought that PC] was low, because reductions of extracellular Clo’ never caused 
substantial changes in the membrane potential, Vm. In 1959 Hutter and Padsha provided 
the first evidence that PC] was high, when they did experiments in which they replaced 
Clo with nitrate and saw a two-fold increase in membrane resistance [1]. This was later 
confirmed by others [2]. The subsequent hypothesis was, that if PC] were indeed that 
high, then CI must be in equilibrium (Vm = Ec}°). Meanwhile, Palade and Barchi tested 
25 carboxylic acids, and found that anthracene-9-carboxylic acid (9-AC) was the most 
potent inhibitor of Pc] in skeletal muscle [3]. This pharmacological agent reduced the 
membrane conductance almost three-fold. With the use of this agent and the application 
of intracellular Cl-sensitive microelectrodes Aickin et al. found, that Cl was actively 
kept slightly above equilibrium, which means that Vm < Ec] [4]. 

The skeletal muscle fibres [5], as do many other cells, contain an electroneutral 
Nat/K+/2Cl--cotransporter [6]. It's activity ensures a small Cl accumulation. The 
driving force of the cotransporter, because of it's electroneutral behaviour, does not 
depend on the membrane potential, Vm, but only on the sum of the chemical gradients, 
Au. Since two Cl ions are transported per turnover, Au] has to be calculated twice. 


Therefore, the role of Clj is very important, because the driving force is related to (Cij)2, 
whereas the effects of Naj and Kj are linear. Clj is the balanced outcome of the Cl efflux 
through Cl channels, which is purely passive, and the Cl influx through the 
cotransporter, which is secondarily active draining on the Na gradient. The Cl! channels 
rectify only slightly, meaning that they have an almost linear current-voltage 
relationship. However, since Cl is not the only ion transported through the cotransporter, 
the Cl fluxes depend on the fluxes of the other ions as well. 


* Cli, Clo, Kj, Ko, Naj and Nag refer to the concentrations of the respective ions either in the cell 
(index";") or outside (index "") of the cell. 
> Ec) and Ex are the Nernst potentials of the ions. 
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The disequilibria of Na and K are primarily energised by the Nat/Kt pump. 
Potassium leakage out of the cell is large because of the ion channel, called the inward 
potassium rectifier (IRK). IRK is the major potassium channel in skeletal muscle, which 
makes Vm near EX, because it is normally fully open. IRK's are strong inward rectifiers 
[7], meaning that the K current through these channels rapidly decreases at Vm positive 
to EK. This strong rectification greatly affects cellular excitability. The conductance, 
which is the reciproke of resistance, of IRK varies with the square root of extracellular 
potassium, Ko, due to the properties of these channels [8]. 

We hypothesise that the combination of high Pc] and a small electrochemical 
gradient for chloride across the membrane, must contribute largely to the rate change of 
Vm in response to potassium conductance, GK, reductions. In other words, this 
particular combination would very impressively mask K fluxes across the membrane. 
Therefore, we set out to measure rate changes in Vm, when it depolarizes (~ 20 mV) 
due to the reduction of Gx. Variations in response times were induced either by 
modulating the chloride gradient with bumetanide and hypertonicity, or by lowering PC] 
with 9-AC. Additionally, low Pc] values are charateristic for myotonia; a 
neuromuscular disease, which causes muscle stiffness [9]. 


MATERIALS AND METHODS 

Lumbrical muscles were dissected from the hind foot of the mouse (Swiss White). 
The bundels, once dissected and freed from connective tissue, were pinned down in a 
perfusion chamber (volume 0.1 ml) with a constant temperature (35 °C). At a perfusion 
rate of 3.03 ml/min, the total volume of the chamber was changed within 5 s. Most 
experiments were carried out in the same cell to avoid diffusional artefacts occurring 
around the cell. The control solution contained (in mM): NaCl 117.5, KCl 5.7, NaHCO3 
25.0, NaH2P04 1.2, CaCl2 2.5, MgCl2 1.2 and glucose 5.6, saturated with humidified 
gas: 95 % O2 + 5 % C02; pH = 7.35 - 7.45 with an osmolality of approximately 290 
mOsm (mol/kg). Low potassium medium (Ko = 0.76 mM) was made by exchanging 
sodium for potassium equimolarly. Hypertonic solutions (~ 340 mOsm) were made 
adding 18 g/l poly-ethylene-glycol 400 (PEG 400). Barium (80 1M), bumetanide (75 
uM) and 9-AC (75 pM) were added directly to the solution. Fine-tipped intracellular 
glass microelectrodes, back-filled with 3 M KCI and having a resistance of 25 - 80 M 


were used to measure Vm. Impalements were considered successful, if stable potentials 
were achieved at Vm <- 70 mV. 


RESULTS 


Time course of the Barium induced depolarizations 
Ba2+ is an established blocker of GK [10]. Ba2+ is a very useful substance, 
because the time course of Vm change, induced by it, can be fit according to a single 


exponential (eq. 1) (figure 1). The timeconstant, , due to Ba2t in 290 mOsm is 
considered the control value. 


Vin(t) = Vm (t= 0) + AVm * (1 - exp (-t/t) (eq. 1) 
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Figure 1. A typical experiment comparing the Ba2+ induced depolarization in the 
presence (squares in the drawn line) and absence of bumetanide (circles in the drawn 
line) in the same cell. The recordings are fit according to eq. 1 (dashed lines). The 
timeconstants of Ba2+ induced depolarizations in the presence and absence of 
bumetanide are 270 s and 138 s respectively. Both have regression coefficients of 0.999. 


The initial values in the presence and absence of bumetanide differ, because bumetanide 
hyperpolarizes Vm ~ 3 mV. 


Differences in time courses induced by cotransport modulators 

We have tested the influence of bumetanide as a blocker of Nat/K*/2CI-- 
cotransporter and hypertonicity (340 mOsm) as an activator of Nat/K*/2CI-- 
cotransporter [5]. The timeconstants of the Ba2+ depolarization caused by bumetanide 
and hypertonicity are displayed in table 1. Bumetanide delays the depolarization by 


approximately 50 s (38 %), and hyperosmolality accelerates the depolarization by 
approximately 40 s (30 %). 


Bumetanide Control Hyperosmolality 
t (s) + SEM (n) 182 + 23 (7) 132 + 9 (18) 96 + 6.9 (8) 
P as compared to control < 0.05 < 0.05 


Table 1. Comparison of due to Ba2+ induced depolarizations in the presence of 
bumetanide, control and hyperosmolality. P-values were calculated using Student t test. 


The presence of 9-AC accelerates the time course of Vm considerably 


We set out to do test the combined effect of Ba2+ and 9-AC on the time course of 
Vm. However, this combination caused vigorous myotonic discharges, and thus 


movement artefacts, which dislodged the microelectrode out of cell very frequently. So, 
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instead of reducing GK with Ba2+, we reduced GK by lowering Ko to 0.76 mM [11]. 


This also caused myotonia, but to a much lesser extent, so that the cell impalement was 
lost less frequently. 


-50 


V_ (mV) 


0 50 100 


Time (s) 
Figure 2. An experiment comparing the low potassium (0.76 mM) induced 
depolarization in the presence (squares in the drawn line) and absence of 9-AC (circles 
in the drawn line) in the same cell. The recording in the absence of 9-AC is fit according 
to eq. 1 (dashed line); t = 37.2 s and R = 0.998. The recording in the presence of 9-AC 
is fit (dashed line) according to the sum of two exponentials Vm(t) = Vm (t = 0) + AVm,1 
* (1 - exp (-/t))) + AVm,2 * (1 - exp (-t/t2)); t] = 4 5, t2 = 86.7 s and R = 0.973. The 
— values in the presence and absence of 9-AC differ, because 9-AC hyperpolarizes 
m: 


150 200 


Figure 2 displays the effect of lowering Pc] on the change of Vm caused by low 
Ko. It clearly shows that the time course in control solution can be fitted by eq. 1, 
whereas it is composed of two exponentials once PC] is reduced. We propose that the 
first exponential is mainly due to the equilibration of cation fluxes (maybe contaminated 
by some Cl fluxes, since Pc] is not entirely zero), and that the second exponential is due 
to Cl equilibration. This is in analogy to the interpretation given by Hodgkin and 
Horowicz for frog skeletal muscle (2]. They simultaneously reduced Pc} by reducing 
Clo from the extracellular medium and increased PK by increasing Ko, and also saw an 
instantaneous depolarizing transient followed by a relatively slow repolarization. 


CONCLUSION 


Our data clearly demonstrate that the Nat/K+/2CI- cotransporter accelerates the 
rate change of Vm, and strongly support the interpretation that PC] damps the speed of 


224 


as 


ae 


Vm responses to reductions in GK. The fact that this damping stabilises Vm is also 
demonstrated. The occurrence of myotonia supports this analysis. A full fledged 
analysis of the results must wait for further measurements. Notwithstanding this 
damping by PC}, action potentials can still be generated, mainly because, we think, PNa 
during the action potential is about 3 - 10 higher than Pc}. These results emphasize the 
importance of the role of Cl in skeletal muscle. Additionally, these results were 
predicted by a model simulation [12]. Thereby showing a clear link between a 
theoretical approach using model simulations and experimental work. 
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INTRODUCTION 


Cytochrome oxidase is composed of three subunits encoded by mitochondrial 
genome and involved in catalysis, and several nuclear-encoded subunits whose 
composition varies with species. The functions of these supernumerary subunits are still 
a matter of debate. They may be involved in the assembly of the enzyme and/or in 
tissue-specific regulatory properties of cytochrome oxidase. 

The rate of electron transfer through cytochrome oxidase is primarily controlled 
by the thermodynamic force across the complex, which contains two terms : (i) the 
difference in redox potential between oxygen and cytochrome c (i.e. AEh) and (ii) the 
protonmotive force across the inner membrane (i.e. Ap) [1, 2]. In addition, the rate of 
electron flow through the enzyme depends secondly on effectors, encompassing 
adenylic nucleotides [1, 3]. With isolated yeast mitochondria, modifications of flow- 
force relationship were observed under conditions where the kinetic control exerted by 
the cytochrome oxidase was changed upon addition of external ATP, thus illustrating 
the inter-dependence between thermodynamic control and kinetic regulation [1]. 

Although the number and localization of binding-sites for nucleotides on the 
cytochrome oxidase are still a matter of debate [4, 5], there is strong structural, 
biochemical and functional evidence that subunit VIa bears an ATP-binding site on the 
C-terminal part facing the cytosol and an ADP-binding site on the matrix side of the 
transmembranous polypeptide [4-9]. To follow up earlier studies [1, 5, 7], we have re- 
examined the effect of ATP on the respiratory rate of mitochondria isolated from either 
subunit Vla-null mutant or the parental strain when the proton leak was modulated by 
adding different amounts of a protonophoric uncoupler, CCCP. The effect of ATP and 
the role of subunit VIa on the dependence of the electron flux through cytochrome 


oxidase on its associated thermodynamic forces - Ap and the redox state of cytochrome 
c and aa3 pools - has been investigated. 


MATERIALS AND METHODS 


The Saccharomyces cerevisiae haploid strains - the cox13 disrupted strain (JA6a- 
1) and its parent (IHRY1-2Ca) [5, 7] - were a gift from Dr Capaldi (University of 
Oregon). Aerobic cultures, mitochondria isolation, and steady state measurements of the 
respiratory rate and the cytochrome reduction level were carried out according to 
previously published techniques [1]. AY was estimated by rhodamine 123 fluorescence 
quenching [10] after calibrating the signals as a function of the AY measured by means 
of 86Rb+ (in the presence of valinomycin). 
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RESULTS AND DISCUSSION 


Effect of ATP on the respiratory rate of wild-type and subunit Vla null mutant 
We investigated the effect of ATP (in the presence of oligomycin) on the 

electron flow over the entire respiratory chain or the functionally isolated complex IV 

(in the presence of antimycin) of the subunit Vla null mutant with respect to the wild- 


type (Table 1). 


Table 1. Effect of ATP on maximal respiratory rate of mitochondria isolated from 
subunit Vla null mutant (ACOX13) and wild-type strain (WT). 


Lactate (plus antimycin) 


+ATP +ATP +CAT +ATP +ATP +CAT 
(% of control) (% of control) (% of control) (% of control) 


JHRY 1-2Ca (WT) 12645 135 +10 164+2 166+ 3 

J 6a-1 (ACOX13) 8143 9644 79+5 95+4 

4 When added, ATP was 1 mM and carboxyatractylate (CAT) 1.25 pM. Control values were measured in 
the absence of ATP. Values are means + SD of 6 to 9 independent experiments. 


Adding ATP increased the fully uncoupled respiratory rate of mitochondria 
isolated from the wild-type when using ethanol or lactate (plus antimycin) as electron 
donors, suggesting that ATP was an effector - activator - of wild-type cytochrome c 
oxidase. In the case of the mutant, we measured a decrease by ATP of the maximal 
respiratory rate of isolated mitochondria utilizing either ethanol or lactate (plus 
antimycin), suggesting that ATP was still an effector - an inhibitor - of the subunit Vla 
null cytochrome oxidase. After adding carboxyatractylate to inhibit the ATP/ADP 
carrier and therefore to prevent ATP transport to the matrix, the ATP-induced inhibition 
of the null mutant was abolished, demonstrating that the ATP-inhibiting site was located 
on the matricial side of complex IV (table I). Moreover, for the wild-type, CAT addition 
further increased the ATP-induced activation suggesting the presence of stimulatory and 
inhibitory sites for ATP on the cytosolic and matricial side of complex IV, respectively 
(table I). Finally, evidence was found that protein phosphorylations are unlikely 
involved in these phenomena. 


Effect of ATP on the flux-force relationships of wild-type and subunit Vila null | 
mutant 

The respiratory rate of mitochondria isolated from either the subunit Via null 
mutant (ACOX13) or the wild-type (WT) strain was stimulated by a proton leak 
increase, using different amounts of an uncoupler (CCCP), in the presence of 
oligomycin and nigericin to collapse ApH and therefore to avoid any interference of the 
matrix pH on the cytochrome oxidase kinetics [11]. Figures 1 and 2 show that the 
respiratory rate was not uniquely dependent on both the AY value and the reduction 
level of cytochromes, with regard to : (i) the presence or not of ATP in the incubation 
medium, and (ii) the presence or not of subunit Vla. Indeed, at equivalent rate of 
electron flow, ATP increased the reduction level of cytochrome aa3 of the null mutant, 
without any change in AY, whereas the ata3 redox state decreased for the wild-type, 
parallel to an increase in the A‘Y value. These results point to changes in the kinetic 
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behaviour of the cytochrome oxidase of mutant and wild-type mitochondria with respect 
to ATP regulation. Thus, the pattem of cytochrome aa3 redox state is consistent with an 
activation of the wild-type cytochrome oxidase by ATP [1], on one hand, and an 
inhibition by ATP of the cytochrome oxidase lacking subunit VIa, on the other. 
Considering electron transport from cytochrome c to O2, the net thermodynamic 
force across the complex is expressed as -AG/F = 2 x AEh - (n+2) x Ap ; where n is the 
H+/2e" stoichiometry, AEh, the difference in redox potential between cytochrome c and 
O2. Under our conditions, Ap was expressed entirely as A‘Y and n value was assumed to 


be constant and equal to 2 [2]. Comparing the mutant and wild-type mitochondria on 
one hand, and steady states made in the presence or not of ATP on the other, there was 


no unique relationship between Jo and the net Gibbs energy across complex IV (figure 
3). 


Jo (nat.O/min/mg prot.) 


?COX13 


0 10 20 30 40 0 10 20 30 40 50 


cytochrome reduction (%) cytochrome reduction (%) 


Figure 1. Effect of ATP on relationship between Jo and reduction level of cytochrome 


ata3 (circles) and ct+cl (triangles) of mitochondria isolated from subunit VIa null 
mutant (ACOX13) and wild-type strain (WT). 


JO was modulated by using CCCP amounts up to 10 4M, in the presence of oligomycin, 


nigericin and ethanol as respiratory substrate. When added (closed symbols), ATP was 1 
mM. 
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Figure 2. Effect of ATP on relationship between Jo and AY of mitochondria isolated 
from subunit VIa null mutant (ACOX13) and wild-type strain (WT). 
When added (closed circle), ATP was 1 mM. 
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Figure 3. Effect of ATP on relationship between Jo and net thermodynamic force 
across cytochrome oxidase of mitochondria isolated from subunit VJa null mutant 
(ACOX13) and wild-type strain (WT). 

When added (closed circle), ATP was 1 mM. 


For instance, for the subunit Vla null mutant, ATP addition did not significantly 
modify the relationship between the rate of electron flow and the disequilibrium (i.e. - 
AG/F) across complex IV (figure 3). In contrast, for the wild-type enzyme, ATP- 
induced activation of cytochrome oxidase changed the overall response of the enzyme 
upon changes in its net Gibbs energy. Such an ATP-induced change in flux-force 
relationship might be indicative of : (i) a decrease in the proton pumping efficiency 
and/or (ii) a change in the kinetic control (e.g. change in rate-constant) exerted by the 
individual reaction step within the catalytic cycle of the enzyme. 
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CONCLUSION 


Taken together, our results demonstrate the existence of multiple ATP-binding 
sites on the cytochrome oxidase with respect to their localization and their Kinetic effect. 
Firstly, subunit Via is involved in the activation by ATP on the cytosolic side of the 
cytochrome oxidase. This is in agreement with the fact that subunit Via possesses at 
least one ATP-binding site [4, 5, 7] which has been proposed to be involved in the 
tissue-specific effect of nucleotides on the kinetics of the reconstituted mammalian 
enzyme [6, 8]. In addition, we demonstrate that the subunit VJa null enzyme bears an 
inhibiting site for matricial ATP, whose location remains undetermined. Since all 
putative ATP-binding sites are present on the wild-type cytochrome c oxidase, there 
should be a balance between activation and inhibition with respect to the ATP 
concentration (or the ATP/ADP ratio) in the cytosol and matrix, on one hand, and to the 
nature (inhibiting vs.activating) and the location of the binding sites, on the other Bl. 
The question is therefore raised as to the physiological meaning of such multiple 


binding and regulating sites for adenylic nucleotides in the control and regulation of 
cellular energy metabolism. 
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INTRODUCTION 
The ATP synthase complex catalyses ATP synthesis, driven by the 


transmembrane proton electrochemical gradient AuHt. The mechanism of ATP 
synthase function has been intensively studied using the water soluble Fj-ATPase 
which is only capable of ATP hydrolysis. The postulate advanced by Lardy and 
Wellman [1] more than 40 years ago, according to which the synthesis reaction is a 
reverse sequence of intermediate stages of the ATP hydrolysis reaction, underlies most 
of the suggested mechanisms for the ATP synthase function [2]. However, there are also 
experimental observations and interpretations in the literature [3-5] that could hardly be 
explained within the micro-reversibility of the ATPase reaction. The problem is to solve 
the question of whether the possible difference between the kinetics of the ATPase and 
the ATP synthase reactions is due to only the transmembrane potential or whether there 
are two H*-ATPase functional forms, a synthase and a hydrolase. 

Twenty years ago Vinogradov's group [6] discovered a phenomenon of turnover- 
dependent inactivation of the ATPase activity that was induced by ADP in the presence 
of Mg2*. In the present report we, for the first time, describe a symmetrical situation, i. 
e. turover-dependent inactivation of oxidative substrate-driven synthesis of ATP. An 
oscillatory regime of ATP synthase functioning is also demonstrated. We propose that 
’ both the inactivation of F]Fo-ATPase and the oscillatory regime can be explained by 
the presence of two functional forms, a hydrolase and a synthase. The transition 
between these forms is not one of the stages of the catalytic act and lasts much longer 
than one enzyme turnover. 


MATERIALS AND METHODS 

Submitochondrial particles (SMP) were prepared according to Racker [7] by 
sonication of bovine heart mitochondria in the presence of 10 mM pyrophosphate (PPj) 
and stored in 0.25 M sucrose, 10 mM Tris HCI, pH 7.8 in liquid nitrogen at 40 mg 
protein/ml. The SMP (10 mg protein/ml) were incubated in the presence of 20 mM 
succinate or 5 mM NADH throughout the experiment. The phosphorylation rate was 
measured by the incorporation of 32p; into ATP [8] in the following medium: 60 mM 
tricine KOH, pH 8.0; 4.5-18 mM KjHPOg, | mM dithiothreitol, 0.1 mM EDTA, 0.2% 


bovine serum albumin fatty acid free, 1.5 mM NADH, 6.5-9.5x10° cpm 32p.. protein 
content (SMP) was 0.10-0.16 mg/ml; MgATP, MgADP and Pj were added as indicated 
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on the Figures. A centrifuge microcolumn was used [9] to replace PPj bound to SMP for 
P;. Frozen SMP were diluted (1:3) with a buffer: 75 mM sucrose, 150 mM KCl, 2 mM 
MgS04, 10 mM Tris.HCl, pH 8.0 and incubated for 20 min with 5 mM PPj or 50 mM 
K2HPO4. 30-40 yl of SMP suspension were passed through the microcolumn (250 ul 
Sephadex G-50) equilibrated with the same buffer containing 50 mM Pj [9]. The non- 
linear curve-fitting option of KaleidaGraph 3.0 for Macintosh was used. 


RESULTS AND DISCUSSION 

SMP from bovine heart isolated in the presence of 10 mM PPj catalysed 
oxidative phosphorylation at [MgADP] > 1 mM with a constant rate for at least 12 min 
(Fig. 1A, A. When these SMP had been passed in the presence of 50 mM Pj through a 
microcolumn before the experiment, the kinetic curves of ATP synthesis at any of the 
concentration of MgADP tested were non-linear (Fig. 1A, O): the pretreatment of SMP 
with PPj and Pj led to a turnover-dependent inactivation of oxidative substrate-driven 
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Figure 1. (A) Kinetics of ATP synthesis at 2.2 mM MgADP by non-treated SMP (A) 
and by SMP passed through a microcolumn (O). (B) Dependence of a rate constant (k) 
for the decay of ATP synthase activity on the concentration of adenine nucleotides 
(mean + SE, n=3). Rate constants were estimated with first-order kinetic equation and 
data fitted by equation k = ko - Ko/(1+(Km /AdN)“h). SMP had been preincubated with 
PPj and passed through the microcolumn (50 mM Pj). Following concentrations were 
used: (-O-) 0.2 - 6.2 mM MgADP, (-@-) 0.2 mM MgADP + 0 - 6 mM; 9 mM Pj. 


synthesis of ATP. The inactivation was found to be dependent on medium concentration 
of ATP and ADP (Fig. 1B). The maximal ATP synthesis was approximately 
proportional to the total concentration of ATP and ADP. It was assumed that depletion 
of non-catalytic site(s) by successive treatment with PPj and Pj was a reason for the 
turmover-dependent inactivation of the enzyme in the ATP synthesis, as earlier 
suggested for the ATPase reaction [10, 11]. The data is compatible with the existence of 
at least one binding site for ADP (h = 1.2) or two to three sites for ATP (h = 2.3) with 
Km(app) of 1.7 mM for both nucleotides (Fig. 1B), the occupancy of which would 


prevent the ATP synthesis rate decay (kp = 1.2 min"). 


The further behaviour of the system after inactivation could be divided into two 
types: (i) after reaching some degree of substrate conversion the reaction completely 
ceased for the rest of the experiment (Fig. 1A) or (ii) the reaction changed its direction, 
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hydrolysis of synthesised ATP took place and the process acquired a distinctly 
expressed oscillatory character (Figs. 2 & 3). These figures depict the non-regular 
character of the oscillations, the period of which ranged from 2 to 7 min. Effects of 
adenine nucleotides, phosphate and uncoupler on parameters of the oscillations were 
investigated. An increase in the ATP/ADP ratio or concentration of P; did not affect the 


period of the oscillations or their appearance. The amplitude dependence on ATP/ADP 
was unclear and requires further investigation. The amplitude of the oscillations 


A —— ADP, 0.3 mM B 
P, =4.5mM —t— ADP, 0.6 mM P, =18mM 
40 —e— ADP, 0.9 mM 
60 
P} 30 
AT = 
PY ; #0 
p 20 E 
wv < 
- sy; 20 ~ —_— 
10 —-\Z ~—S_ Ps — 
0 0 
0 4 8 12 0 4 8 12 
Time, min Time, min 


Figure 2. Non-linear regimes of ATP synthesis at different concentrations of the 
adenine nucleotides and inorganic phosphate. 
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Figure 3. Dependence of the amplitude of oscillations on the concentration of inorganic 
phosphate. The reaction proceeded in an oscillatory regime (A) or the reaction ceased 


(B). 


increased by 2.5-fold as Pj concentration decreased by 4-fold (Figs. 2 & 3). The ATP 
synthesis was inhibited and the ATPase activity of SMP was stimulated by the 
uncoupler (3 pM tetrachlorotrifluoromethylbenzimidazole, TTFB, not shown). 

The origin of those phenomena lies outside of a trivial explanation. The physical 
nature of the initial rate decay described is surely not related to a net accumulation of 
ATP as a reaction product, the reaching of a threshold value of AGp, or to participation 
in the regulation of a natural inhibitor protein. Appearance of both regimes, the 
turnover-dependent inactivation and oscillations, apparently depended on occupancy of 
non-catalytic sites of Fj: treatment of F] with PPj and microcolumn in the presence of 
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Pj has been widely used for preparation of adenine nucleotide free F] [9]. Binding of 
either ATP or ADP prevented the non-linear kinetics, with a higher effect of ATP. 

In our opinion the results of the present report have great similarity with the 
estimated mechanism of the turnover-dependent inactivation of the F]-ATPase. Briefly, 


during the ATPase reaction an intermediate enzyme-product complex, F1:-MgADP, 
isomerizes slowly to the inactive complex with entrapment of the MgADP in a catalytic 
site [10]. These complexes, active and inactive, are in an equilibrium that can be shifted 
towards an active form with dissociation of the inhibitory MgADP by the binding of 
ATP [11] or PPj [12] to the non-catalytic site(s). Sulphite, azide and Pj are able to affect 
the equilibrium between the active and inactive forms [13, 14]. 

We propose that the initial ATP synthesis rate decay can be well interpreted on 
the basis of a suggestion that is symmetrically opposite to the mechanism presented 
above: there is a slow conversion of an intermediate enzyme-product complex, ATP 
synthase-MgATP into an inactive form, ATP synthase*MgATP. Based on differential 
effects of ADP [14], sulphite and azide [5] on ATPase and oxidative phosphorylation in 
SMP, Vinogradov has hypothesised (3, 14] that F]-ATPase can exist in two slowly 
interconverting forms and that ATP and ADP act as effectors controlling the 
equilibrium between the functional forms by binding at tight-affinity sites. We propose 
that either inactive form with the product entrapped in a catalytic center functionally is 
its opposite enzymatic form, i.e. slow inactivation actually is a transition of either active 
functional form into its active opposite enzymatic mode. A successive turnover- 
dependent inactivation of ATP synthesis and ATP hydrolysis with k ~ 0.1-1 min-! 
provides the foundation for the oscillatory regime and other types of non-linear kinetics: 

ATPase-MgADP ’ ATP synthase-MgADP (i.e. ATPase*MgADP) (1) 
and ATP synthase-MgATP ’ ATPase-MgATP (i.e. ATP synthase*MgATP) (2) 

The proper substrate of Fj-ATPase is MgATP; when MgADP, in the absence of 
Pi, is bound at the catalytic site, the complex is unstable and isomerizes slowly into the 
stable synthase form without any measurable ATPase activity (eq. 1). Now, after 
energization of SMP, entrapped MgADP can be dissociated (Km (ADP) for synthase 
form ~ 10-100 4M) or phosphorylated. The correct substrate for the ATP synthase is 
MgADP; the ATP synthase-MgATP complex is unstable and loses its synthase activity 
due to a slow isomerization (eq. 2) into its opposite functional form. Entrapped MgATP 
can now be hydrolysed or dissociated from the ATPase active site after deenergization 
(Km(ATP) ~ 100 2M). 

Figs. 2 & 3 show that Pj affected the amplitude of the oscillations: the 
oscillations practically disappeared when the Pj concentration increased. As Yalamova 
et. al [14] reported, Pj accelerated the transition between the functional forms 
quickening the dissociation of tightly bound MgADP. Beharry and Bragg [15], studying 
ATP synthesis by F]-ATPase in dimethylsulfoxid, found that the effect of medium 
phosphate was analogous to that occurring on membrane energization: Pj accelerated a 
transition from the ATPase form to a synthetically-competent enzyme. The existence of 
this conformational transition in bovine Fj-ATPase was shown by chemical 
modification and cross-linking [15]. In our opinion the non-linear kinetics are additional 
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evidence for a lack of micro-reversibility in reactions of ATP synthesis and hydrolysis. 
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INTRODUCTION 


Cytochrome d is one of the terminal oxidases in a number of gram-nega- 
tive heterotrophic bacteria [1,2]. In Escherichia coli it was shown that under 
high aeration growth conditions, the cytochromes bo terminal oxidase com- 
plex predominated, whereas under low aeration conditions, the cytochromes 
bd complex predominated [3-7]. Antibodies raised against cytochrome dof E. r 
coli showed that gram-negative bacteria such as Serratia marcescens, Photo- 
bacterium phosphoreum, Salmonella typhimurium, Klebsiella pneumoniae, 
and Azotobacter vinelandii contained cytochrome d- related material [8]. Cyto- 
chrome o belongs to the oxidases family containing a heme/copper binuclear 
oxygen reducing center and functioning as a proton pump [9]; cytochrome d 
has no copper [5] and does not pump protons [10]. Cyanide is a known respi- 
ration inhibitor and its interaction with oxidases of various respiratory chains 
has been reviewed in the past [11], including its interaction with cytochrome d 
of E. coli [3] and Azotobacter vinelandii [12,13]. However, virtually most 
studies, including recent ones [14,15], payed very little attention to other bacte- 
rial species. Salmonella typhimurium is a major threat to human health and, 
whether considering the biological aspect or the medical aspect of this bacte- 
rium, an important element of the bacterial metabolism is the mechanism of 
energy production catalyzed by the respiratory chain. In this research, we 
Study some aspects of the kinetics of KCN with cytochrome d, one of the two 
terminal cytochromes of Salmonella typhimurium. 


————————— 


MATERIALS AND METHODS 


Salmonella typhimurium was grown in a medium containing 7g peptone, 
5 g yeast extract and 3 g NaCl per liter; the pH of the medium was adjusted to 
7.0 with 10 M NaOH. To obtain a maximum amount of cytochrome d, the cells 
were harvested in the stationary phase of growth (47-72 hours). After two 
washes with phosphate buffer 0.1 M, pH 7.0, the cells were resuspended in 
buffer (0.1 M), either at pH 7.0 or at different pH values from 5.0 to 10.0 with 
unit increments. 

Spheroplasts were prepared according to reference [16]. 

To prepare membrane fragments, the cells were suspended in phospha- 
te buffer and equal amounts of glass beads were added. The mixture was 
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then vortexed 3 times for 30 seconds with intermittent cooling in an ice-water 
bath. The cells were centrifuged at 7,000 rpm for 15 minutes, the pellet dis- 
carded and the supernatant centrifuged at 30,000 rpm for 45 min. The pellet, 
consisting of membranes fragments, was suspended in phosphate buffer 0.1 
M, pH 7.0. All assays were carried at room temperature (~ 220C) and the 
spectra were obtained by Aminco DW2 spectrophotometer. 


RESULTS AND DISCUSSION 


Figure 1A shows the reduced-minus-oxi- 
dized difference spectrum of S. typhimurium 
The sample was reduced with dithionite and 
the reference was oxidized by addition of 3 pl 
of H,O2 according to reference [17]. The 
presence of catalase caused decomposition of 
H2O2, thus enough Oo was present to keep the 
system in the oxidized state. In this spectrum, 
cytochrome d showed an absorption band at 
630 nm and a through at 649 nm; the a absorp- 
tion bands of cytochromes D595 and b560 were 
also seen. Fig. 1B shows the effect of KCN 
on cytochrome d. Both sample and reference 
were kept in the oxidized state by the addition 
of 3 pl of H2O2; then KCN (1 mM) was added to 
the sample and the complex of oxidized cyto- 
chrome d-KCN showed a through at 649 nm. 
Upon addition of dithionite to the sample, some 
reduction of cytochrome d was detected as the 
absorption band at 630 nm appeared (Fig. 1C). 
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Fig. 1 - Intact cells; A and B: 
26 mg prot/ml; C: 32 mg prot/ 
ml. See text for details. 
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Fig.2-A and B:KCN-cyt. d in intact cells (24 mg prot./ml). 


of cytochrome d in the 
presence of cyanide, 
different amounts of 
H2O2 were added to 
both sample and refe- 
rence in a preliminary 
experiment, to ensure 
that no endogenous or 
anaerobic reduction 
was taking place du- 
ring the course of the 
experiment, since it 
was suggested that 
KCN only binded to 
the oxidized form of 
cytochrome d [3]. 
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Fig. 2A shows that the addition of KCN to the H2O2 oxidized sample in in- 


tact cells (H2O2-oxidized-KCN 
minus H2O2-oxidized) produc- 
ed a concentration-dependent 
through at 649 nm (each 
spectrum was taken after 30 
min. incubation). In Fig. 2B, a 
single amount (56 mM) KCN 
was added to the sample and 
spectra were obtained at 
2 min. intervals; results indica- 
ted that the interaction bet- 
ween KCN and cytochrome d 
in intact cells was a progres- 


sive process. Lineweaver-Bur- WO6, -0.2 0 02 04 06 08 10 


ke plot (Fig.3) for the reaction 
between cytochrome d and 
KCN in intact cells, sphero- 
plasts and membrane frag- 
ments showed that Ks for all 
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Fig. 3 - Lineweaver-Burke plot for the formation 


of KCN-cyt. d complex in intact cells, sphero- 


plasts and membrane fragments. 


three conditions was around 3 mM; in contrast, Vaax was higher for membrane 
fragments (28 pmol/min/mg protein) than for spheroplasts (17 pmol/min/mg 


protein), and, finally, for intact cells it was the lowest (8.2 pmol/ min/mg pro- 


tein). This indicated that the diffusion process from intact cells to cytochromed 
was slower than from spheroplasts and membrane fragments. Indeed, in intact 


cells, KCN has to cross the out- 
er- and inner- membranes as 
well as the periplasmic space 
to reach cytochromed while in 
spheroplasts, it has to cross 
only the inner membrane, and 
in membrane fragments, KCN 
is readily accessible to cyto- 
chrome d. In contrast, the 
absence of change in the Ks 
value indicated that a single 
form of cytochrome d reacted 
with KCN in S. typhimurium. 
The pH effect on the bin- 
ding of KCN to cytochrome d in 
intact cells is shown in Fig. 4. 
For concentrations of 2, 5, and 
10 mM KCN, binding was maxi- 
mal at pH7 and minimal for 
pH5 and 10. This result again 
suggested that only one species 


 iiccoacadd 

a Aes 

pH profile 5: / ae % \ 
of KCN 8 *I/ ae 
hee sf 7 
binding {ee 
to cyt. d ——— 


Vea x(2) 


MES 43 4.2 
TRIS 32 34 
TES 2 4.7 
PIPES 22 4.6 
HEPES 22 2.2 
PHOSPHATE 12 3.0 


(1) All buffers were 0.1 M, pH 7.0 
(2) (pmol/min/mg protein); (3) (mM) 
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of cytochrome d was involved in KCN binding. Enzymes are pH sensitive and 
dual optima peaks in pH curves can be taken as indication that more than one 
enzyme species is present {18]. The effect of various buffer systems at pH 7 

and concentration of 0. 1M on Vmax and Ks is indicated in Table |. Vax was 
lowest for phosphate buffer and highest for MES buffer and the stability of the 
complex was (HEPES < phosphate < tris < MES < PIPES < TES) with a factor 
of 2 between the two extremes. Addition of NaC! (Fig.5) (0.1. to 1.0 M) de- 

creased cytochromed's affinity. §=§ 3 ee 
for KCN (Ks increased 1.5 X) t ee KCN(SMM) 


| j *KCN(2mM) 
| 
and the rate of formation of the = - | “KCN(1OmM) 5 


complex in phosphate buffer : if \ 
(Vmax decreased 4 X). 2's / * 
l 
4 
st 
, la ! 
Fig. 5 - Effect of NaCl on Ee ‘oN 
KCN binding tocytochromed > ——_s ed 
in intact cells. = ‘ 
| SS 
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INTRODUCTION 

Many catabolic pathways invest free energy at the beginning of the pathway, 
after which subsequent metabolism yields a surplus of free energy (mainly ATP and 
reducing equivalents). The example used here is glycolysis, in which two ATP are 
invested at the hexokinase (HK) and phosphofructokinase (PFK) step, after which the 

phosphoglycerate kinase and pyruvate kinase steps produce 4 ATP (see Fig. 1A). 
A: yeast This autocatalytic (or “turbo”) 
' design of glycolysis may be optimal 
Se fale ww lake Hee ale EtOH with respect to the rate of ATP 
a ae) ate Ae awe aoe production [1, 2]. However, on the 
basis of mathematical modeling we 
have suggested that such designs 
require additional regulation to ensure 
proper steady states at highly variable 
Go Ae 10 7 extracellular substrate concentrations 
ae ; —_ [3]. We found that feedback via the 
OIE (BOF ADP 2ADP 2ATP adenine nucleotides was incapable of 
Fig 1. Schematic representatio is i acapung the mk ued toe Cep ans 
jeastandiinike sieascnis See oe En on ihe ‘jade producing steps. In this 
hexose monophosphates; F16bP, fructose 1,6- paper we will show experimentally that 
bisphosphate; 3-PGA, 3-phosphoglycerate; 1, HK appears to be sensitive to its 
hexokinase (HK); 2, phospho fructokinase (PFK); product, but that this (weak) product 
3, lower part glycolysis; 4, ATPase sensitivity alone is not strong enough to 
reach a steady state for all metabolic variables. Yeast appears to require additional 
regulation mediated by trehalose 6-phosphate synthase (see e.g. [4]). The need for 
product inhibition is here explained in terms of Metabolic Control Analysis. The 
metabolic danger of glycolysis’ autocatalytic stoichiometry is further illustrated by 
comparison with the glycolytic design of Trypanosoma brucei, which is not 
autocatalytic [5]. In trypanosomes, glycolysis takes place in the glycosome, an organelle 


in which glycolysis proceeds only until 3-phosphoglycerate, and hence, only two ATP 
are produced per two ATP invested (Fig. 1B). 


B: trypanosome 
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Fig 2. Time dependence of intracellular 
metabolite concentrations after addition (at 
t=0) of 50 mM glucose to galactose-grown 
yeast cells. Open symbols, wild type; 
closed symbols, tps]-A mutant. (Note that 
Fig. 2 is a combination of two independent 
experiments, done at different time-scales; 
see the time-axis) 


RESULTS AND DISCUSSION 


METHODS 


Computational 

A core model has been constructed as 
described in Ref [3] (see also Fig 1A). This 
model consists of three ordinary differential 
equations (ODE's), describing the time- 
dependence of the three independent 
metabolites MP, FI6bP and ATP. 
Michaelis-Menten kinetics were used, except 
for PFK, for which a two-substrate Monod- 
Wyman-Changeux model with ATP 
inhibition was employed. For the glycosomal 
model (Fig. 1B), the same kinetics were used; 
the ATPase was omitted and the ODE for 
ATP was adapted to the different 
stoichiometry of ATP production. The 
differential equations were integrated using 
the metabolic modelling package SCAMP [6]. 


Experimental 


A tpsl-A mutant of Saccharomyces 
cerevisiae and its parent strain (M5) were 
grown in 2% galactose medium containing 
0.17% YNB, 0.5% ammonium sulphate and 
the required auxotrophic markers, harvested 
at mid-exponential growth and resuspended in 
a 100 mM potassium phosphate buffer at pH 
6.8. After addition of glucose (at 30°C), 
samples were taken and quenched in 
perchloric acid (5% final concentration). After 
neutralization with potassium carbonate, the 
samples were analyzed for metabolites by 
enzymatic determinations, essentially 
according to Bergmeyer [7]. 


Introducing reversibility of the hexokinase (HK) step 

Fig.2 shows a time course of glucose 6-phosphate, fructose 1,6 bisphosphate and 
ATP in a yeast tps/-A mutant and in the wild type, after addition of 50 mM glucose. In 
the mutant, the ATP concentration dropped quickly and remained constant while 
fructose 1,6-bisphosphate continued to accumulate throughout the 55 minutes of the 
experiment. Glucose 6-phosphate (and fructose 6-phosphate, not shown), however, 
reached a steady state within 3 minutes. (Note that Fig. 2 is a combination of two 
independent experiments, done at different time-scales; see the time-axis). This suggests 
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that HK is product sensitive, allowing the rates of HK and PFK to adjust to one another. 
The continuous accumulation of F16bP suggests that, in the mutant, product inhibition 
of PFK is not very effective. In the model, introducing weak product inhibition of HK 
by replacing the irreversible MM equation by a reversible one (Keg yx =4000; 
Kapp=1mM; Kyyp=5mM), we could reproduce the experimental results for the mutant 
qualitatively (Fig 3A). Clearly, weak feedback inhibition of HK is not sufficient for a 
steady state to settle; the lower part of glycolysis appears unable to communicate its 
failure to cope with the flux through PFK. This is very different for the trypanosomal 
glycolysis. In Fig.3B a time course is shown for the model of glycosomal glycolysis 
(see Methods, Fig. 1B). Here, even though the same bottleneck in the ATP-producing 
(v3) step was present, no accumulation was seen and the system reached a steady state. 
Apparently the communication via the adenine nucleotides was functional in the case of 
glycosomal glycolysis, which has no ‘turbo’ design. 


A yeast tps1-4 B trypanosomes 
5 250 
FI60P H 
AT 4 200 M 
P P, 
o 8 150 Fi(m 
ne. 
(m 2 ate 100 ae 
M) co 
1 ump =F 50) oo 
0 i) 
0 10 20 30 
time (min) time (min) 


Fig 3. Time course of the variables of the two models. See text for explanation 


The flux control of the ATP producing step in yeast and in the glycosome 

A detailed kinetic analysis [3] revealed that the "bottleneck" in the ATP- 
producing part of glycolysis is not properly signaled through the adenine nucleotides 
because the concentrations of the adenine nucleotides and the hexose phosphates could 
vary independently. Consequently, after ATP had reached a stationary state the hexose 
phosphate continued to accumulate. The accumulation of hexose phosphates at a 
constant ATP concentration could be prevented by reducing the capacity of HK or by 
(strong) product inhibition. If the product inhibition of HK is weak, however, a steady 
state is not reached (Fig 2 and 3A): also PFK needs to be sensitive to its product 
fructose 1,6-bisphosphate. Apparently, feedback regulation of PFK via the adenine 
nucleotides fails, as it did for HK. 

Here we wish to demonstrate the failure of the adenine nucleotide feedback with 
Metabolic Control Analysis. Using the summation and connectivity theorems of 
Metabolic Control Analysis [8-10], we have calculated the control of the ATP 


producing step (Vjower) on the flux through the system. For the glycolytic pathway of 
yeast: 


a! ~HK >PFK s>ATPase >ATPasex iy 
i 


=-<—f f = “1X 
= — Eine" riepp\ © arp Eapp )/ 4) 
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Where £, abbreviates a nonzero extensive sum of combinations of elasticities; we are 
only concerned with the numerator here. For the trypanosomal glycolysis: 

Sales = 
(2) 
Where 2) is again a sum of combinations of elasticities. Note that unscaled control and 
elasticities have been used. 

Comparing the two numerators, it is clear that in the case of yeast glycolysis 
(Eq. 1), both ATP-consuming kinases need to be sensitive to their ‘carbon'-product in 
order for the ATP producing step to have a nonzero flux control. If PFK is (modeled to 
be) carbon-product insensitive, a bottleneck in the lower part of glycolysis cannot be 
communicated to the upper part of glycolysis. It does not suffice for PFK to be sensitive 
to the adenine nucleotide product, ADP. 

Carbon-product sensitivity of HK and/or PFK is not required in the glycolytic 
pathway of trypanosomes without ‘turbo’ design (Eq. 2). Even if both HK and PFK are 
product insensitive, the lower part of glycolysis can still control the glycolytic flux to 
some extent. The important difference with yeast is, that in the glycosomal case there 
are two moiety conservation cycles, not only ATP + ADP, but also HMP + 2F16bP + 
ATP. The latter expresses the conservation of phosphate in the system, as there is no 
ATPase releasing inorganic phosphate. (Saturation of phosphate was assumed in the 
yeast model.) The latter moiety conservation caused effective coupling of the 
concentration of adenine nucleotides with the hexose phosphates, which was absent 
from the turbo glycolysis. 


HK PFK , 95°HK ¢>PFK _ >PFK\ . >PFKs>HK _ >HK \\ ~PFK ;~HK — ~HK \ |, 
(ee rap t 28 pnp (fate ~ Capp) Tt Sepp (carp — bapp)) ~ 2t ap (Eatp ~ Eapp)|/ 22 


Understanding the control by the ATP-producing step 

It was not immediately obvious to us why the coupling of the upper part of 
glycolysis with the lower part cannot be brought about by the adenine nucleotides. We 
have therefore constructed a simplified version of the core model of yeast glycolysis 
(Fig 4A). X denotes a glycolytic metabolite separating the ATP consuming reactions 
from the ATP producing ones; Y denotes ADP (we have chosen ADP so that X and Y 
are both products of reaction 1 and substrates of reaction 2); reaction 3 is an ATPase, 
producing ADP. Control analysis of this system of Fig. 4A leads to the following 
expression for the control of reaction 2 on the flux through rate 1: 
el BL 
ae ae eo) ~3~2 (3) 

— EyEy + e2z} - ee + Ey Ey 
Again, if rate 1 (the kinase) is carbon-product insensitive (i.e. ex=0) the flux control of 


step 2 is again zero: whether or not the coupling metabolite Y is a member of a moiety 
conserved cycle (which is not the case in Fig. 4A) does not appear to be crucial. What is 
important then? If rate 1 is insensitive to X, then rate 2 is the only rate that is still 
sensitive to X (as the ATPase is a function of Y only). When the activity of step 2 is 
increased, X will simply decrease, in order to reach a steady state in X. Variation of X 
does not affect the rates of ADP (Y) production, and Y will not change. This fate of step 
2, i.e. being able merely to adjust the steady-state concentration of X, can be clearly 
illustrated by introducing a reaction 4 consuming X (Fig. 4B). Rate 4 could represent 
the glycerol branch in yeast glycolysis. The flux control coefficient of step 2 with 
respect to flux 1 is now: 
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ro ~ Ey (Ey ~ 28x) - 8 (Ey + By 
=F. al a ee ee (4) 
(Ey + By (Ex — 28) — (Ey + By (Ey + &y — Ex) 

If rate 1 is insensitive to X in this case, the flux control of rate 2 is not zero. Step 2 

cannot affect the concentration of Y directly, but can do so by changing the distribution 

of X consumption over its own step 

and step 4. This change in flux 

g ; 2 distribution does have an effect on the 

5 ha net consumption of Y per X 

. X . xX —[T}> produced, and in this way step 2 can 

=e ey affect the steady-state concentration 

u u of Y (unless the branch (step 4) is 

insensitive to X, in which case we are 

Fig 4. Minimal representation of gtycoiysis without back ae siMahen 4A). Rather than 

(A) and with a branch (B). introducing a branch in glycolysis, 

simply making the ATPase sensitive 

to X also works (not shown), but appears less realistic. Thus, paradoxically, introducing 

an extra degree of freedom by adding a branch leads to restoration of the coupling 

between the upper and lower part of glycolysis through the adenine nucleotides. 

Interestingly, it was found experimentally that overproducing the enzymes in the 

glycerol branch did suppress the tps/]-4 mutant’s glucose-negative phenotype [11]. One 

may expect that increasing the activity of step 4 in our simple system increases the 
sensitivity of step 4 to X, and thus, increases the flux control by step 2. 

The crucial factor for the absence of flux control by the ATP-producing step in 
Fig. 4A appears to be that this step is elastic to a metabolite for which only one 
elasticity is nonzero. This metabolite can then freely vary to adjust the rate of the 
enzyme sensitive to it. It follows directly from the connectivity theorems of metabolic 
control analysis that the step that is elastic to such a metabolite cannot control any 
metabolic variable except the concentration of that metabolite. 

There is another interesting consequence of this analysis: most mathematical 
models of yeast glycolysis have a structure as depicted in Fig 1A, and most of the 
kinetic expressions for PFK deal with regulation by F6P, ATP and AMP only, i.e. PFK 
is taken to be F16bP insensitive. Following the analysis above, this implies that in those 
models flux control only resides in PFK and upstream steps, unless the glycerol branch 
is also included. This is indeed the conclusion in most of these studies: control appears 


distributed mainly between the glucose transporter, HK or PFK [12-14]. We wonder to 
what extent these results are a consequence of model limitations. 


REFERENCES 

1 Melendez-Hevia, E., Torres, N.V., Sicilia, J. and Kacser, H. (1990) Biochem. J. 
265, 195-202. 

2 Melendez-Hevia, E., Waddell, T.G., Heinrich, R. and Montero, F. (1997) Eur. J. 
Biochem. 244, 527-543. 

3 Teusink, B., Walsh, M.C., Van Dam, K. and Westerhoff, H.V. (1998) Trends 
Biochem. Sci. 23, 162-169. 

4 Thevelein, J.M. and Hohmann, S. (1995) Trends Biochem. Sci. 20, 3-10. 


244 


Bakker, B.M., Westerhoff, H.V. and Michels, P.A.M. (1995) J. Bioenerg. 
Biomembr. 27, 513-525. 

Sauro, H.M. and Fell, D.A. (1991) Mathl. Comp. Modelling 15, 15-28. 
Bergmeyer, H.U. (1974) Methods of enzymatic analysis, Verlag Chemie, 
Weinheim. 

Kacser, H. and Burns, J.A. (1973) Symp. Soc. Exp. Biol. 27, 65-104. 

Heinrich, R. and Rapoport, T. (1974) Eur. J. Biochem. 42, 89-95. 

Westerhoff, H.V. and Chen, Y. (1984) Eur. J. Biochem. 142, 425-430. 

Luyten, K., Albertyn, J., Skibbe, W.F., Prior, B.A., Ramos, J., Thevelein, J.M. and 
Hohmann, S. (1995) EMBO J. 14, 1360-71. 

Cortassa, S. and Aon, M.A. (1997) Enzym. Microb. Technol. 21, 596-602. 
Galazzo, J.L. and Bailey, J.E. (1990) Enz. Microbiol. Technol. 12, 162-172. 
Schlosser, P.M., Riedy, G. and Bailey, J.E. (1994) Biotech. Prog. 10, 141-154. 


245 


CORRELATION OF GLUCOSE CATABOLISM AND THE 
FREQUENCY OF GLYCOLYTIC OSCILLATIONS IN 
SACCHAROMYCES CEREVISIAE 


Corinne A. Reijenga!.2, Bas Teusink!.2, Henk W. Van Verseveld!, Jacky L. Snoep! and 
Hans V. Westerhoff!.2 


' Department of Molecular Cell Physiology, Faculty of Biology, Free University, de 
Boelelaan 1087, 1081 HY Amsterdam, The Netherlands 

Telephone: +31 20 4447195, Fax: +31 20 4447229, E-mail: reijenga@bio.vu.nl. 

7 EC. Slater Institute, BioCenter, University of Amsterdam, Plantage Muidergracht 12, 
1018 TV Amsterdam, The Netherlands 


INTRODUCTION 

During industrial production processes culture conditions in the fermenter are far 
from ideal. Due to large volumina and high cell densities mixing is a problem and 
homogeneity of the culture is poor. The organisms are subject to fluctuating substrate 
(glucose) and oxygen concentrations. At high cell densities the accumulation of 
products and cell-cell communication may affect the metabolism of the cell and the 
behavior of the culture. This paper addresses the effects of external conditions on some 
aspects of the dynamics of glycolysis in Saccharomyces cerevisiae. Important objects of 
study are the glucose transport system, communication between the cells and the 
occurrence of autonomous glycolytic oscillations. 

Intact yeast cells transiently exhibit glycolytic oscillations when glucose is 
added to starved cells and respiration is inhibited (for review see [1]). Glycolytic 
oscillations have been monitored macroscopically through the NAD(P)H fluorescence 
of populations of yeast cells. Oscillations last longer at higher cell densities which 
indicates that there is a synchronizing mechanism that keeps the cells in phase. It 
appears that acetaldehyde is the synchronizing agent for the occurrence of sustained 
oscillations and that a subtle balance should exist between secretion of acetaldehyde by 
the cells and acetaldehyde trapping [2]. Cyanide appears to be essential for sustained 
oscillations and has a dual role in the inhibition of respiration and acetaldehyde 
trapping. Furthermore it was shown that the cellular make-up of the cells is very 
important for oscillations and that cells harvested around the growth phase transition 
show sustained oscillations [3]. 

Studies on regulation and control of glycolytic enzymes have suggested that the 
control of these enzymes on the steady state glycolytic flux is very small [4]. Although 
contro! on flux of these enzymes is small they still might have an important role in 
adaptation of yeast to changes in external conditions. Enzymes not yet tested for their 
control on flux are the glucose transporter and the ATP consuming reactions, making 
these possible candidates for a high control on flux. In Saccharomyces cerevisiae there 
is a large number of putative hexose transporter genes (HXTI-17) which together with a 
galactose permease gene (GAL2) and two putative regulatory genes (RGT2, SNF3) 
belong to a superfamily of monosaccharide facilitator genes [5]. The ability to induce 
sustained oscillations in intact yeast cells makes it possible to study a system that shows 
dynamics in flux, in a stationary situation. In this paper we test whether growth 
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conditions of the cell affect the glycolytic oscillations. We measured the glucose 
consumption rate after addition of cyanide and monitored oscillations. Furthermore we 
determined the cyanide concentration needed for the induction of sustained oscillations 
after growing the cells under different conditions. 


METHODS 

The yeast Saccharomyces cerevisiae (MC996A, MATa ura3-52 his3-11,15 leu2- 
3,112 MAL2 SUC2 GAL MEL) was grown under semi-aerobic conditions at 30°C on a 
rotary shaker in rich medium containing 1% glucose or galactose, 1% Difco yeast 
extract and 2% Difco Bacto Peptone. The cells were harvested at the diauxic shift by 
centrifugation or filtration, washed twice with 100 mM potassium phosphate, pH 6.8, 
resuspended and starved in the same buffer for 3 hours at 30°C on a rotary shaker. The 
cells were pelleted and resuspended in the same buffer to a protein concentration of 
approximately 4 g.I’'! determined according to Lowry ef al. [6]. Oscillations were 
induced in a thermostated cuvet at 25°C by adding 3 mM (glucose grown cells) or 1 
mM (galactose grown cells) KCN to the cell suspension, 4 minutes after the addition of 
20 mM glucose. Oscillations were monitored macroscopically by measuring the NADH 
fluorescence in a fluorimeter (excitation wavelength 351 nm, emission wavelength 462 
nm). Glucose consumption was measured by sampling and quenching in perchloric acid 
(final concentration 5%). The glucose concentration was measured enzymatically [7]. 


RESULTS AND DISCUSSION 

After addition of glucose to the starved cells a range of KCN concentrations was 
tested for induction of synchronized oscillations. In glucose grown cells sustained 
oscillations were induced by adding 3 mM of KCN while in galactose grown cells 
sustained oscillations were induced by adding 1 mM of KCN (fig. 1 and fig. 2). 


relative NAD(P)H fluorescence 
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Figure 1. Oscillations in glucose grown cells. Cells were prepared and oscillations 


induced as described in Methods. 3 mM of KCN was added at t = 300 s. Protein 
concentration was approximately 4 g.1"'. 
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relative NAD(P)H fluorescence 
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Figure 2. Oscillations in galactose grown cells. Cells were prepared and oscillations 
induced as described in Methods. 1 mM of KCN was added at t = 300 s. Protein 
concentration was approximately 4 g.I". 


When cells had been harvested in the exponential phase growing on glucose or galactose 
or after the diauxic shift no sustained oscillations were detected. The difference in 
cyanide concentration needed for inducing sustained oscillations in glucose and 
galactose grown cells is not yet understood. The different growth conditions may have 
influenced the cellular composition. An example of an enzyme that is likely to differ in 
activity between the two cell preparations and is thought to be important for induction 
of sustained oscillations, is alcohol dehydrogenase. This enzyme converts acetaldehyde 
to ethanol and is therefore important for the balance between secretion and trapping of 
acetaldehyde. Glucose induces the expression of ADH] and represses the expression of 
ADH2. The enzymes will be present in different concentrations when comparing 
glucose and galactose grown cells. The difference in affinity of the two enzymes for 
acetaldehyde may account for the difference in cyanide concentrations needed for the 
occurrence of sustained oscillations. From experimental results on glycolytic 
oscillations in Saccharomyces cerevisiae, it was shown that the rate at which 
acetaldehyde was trapped was very important for the state of the system [2]. 

The glucose consumption rate was measured for both the glucose and the 
galactose grown cells after addition of cyanide. In the same batches of cells sustained 
oscillations were induced and monitored. The glucose consumption rate for the glucose 
grown cells was 0.26 pmol.min™.mg protein’. For the galactose grown cells the glucose 
consumption rate was 0.17 pmol.min'.mg protein’. The frequency of the oscillations 
was 1.8 min for the glucose grown cells and 1.1 min” for the galactose grown cells 
(fig.1 and fig.2). A 1.5 fold increase in average glycolytic flux was accompanied by a 
1.6 fold increase in frequency of oscillations, suggesting a co-response coefficient close 
to 1. The co-response coefficient quantifies how two variables are affected’ by a 
parameter change relative to one another. It is the ratio of the two individual response 
coefficients [8]. From these results we can conclude that it is possible to change the 
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glucose consumption rate of the cells by growing them under different physiological 
conditions and to see an effect on the dynamics of glycolysis. 
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INTRODUCTION 

The rate by which cells of baker’s yeast Saccharomyces cerevisiae ferment 
glucose to ethanol is generally believed to be mainly controlled through the activity of 
glucose transport, of phosphofructokinase and pyruvate kinase, and through the rate of 
ATP consumption. Attempts to increase steady state glycolytic flux and glycolytic 
intermediate levels by overexpression of glycolytic enzymes have been unsuccessful [1, 
2], underscoring a general lack of understanding of the metabolic regulation of yeast 
glycolysis. Recently, we have presented evidence that yeast hexokinase may be a rate 
limiting factor for the sugar influx into glycolysis during the onset of fermentative 
growth [3]. 

The yeast hexokinases PI (Hxk1) and PII (Hxk2) have been identified as central 
and essential components of several signal transduction pathways that are triggered by 
fermentable sugars. Activation of the yeast Ras-cAMP pathway, and subsequently of 
cAMP-dependent protein kinase A (PKA), during the transition from respiratory to 
fermentative growth is fully dependent on sugar phosphorylation by the hexokinases [4, 
5]. Moreover, inactivation of gluconeogenic enzymes and shut down of the expression 
of genes involved in the utilization of non-fermentable carbon sources by the main 
glucose repression pathway are primarily dependent on active hexokinases [6, 7, 8]. In 
addition to this central role in sugar-induced signal transduction, the yeast hexokinases 
have been implicated in metabolic control of the upper part of glycolysis. Most notably, 
yeast hexokinase activity may be competitively inhibited in vivo by trehalose-6- 
phosphate (9, 10]. This regulation appears to be of vital importance for a strict control 
on sugar influx and onset of glycolysis, since deletion of TPS/ encoding trehalose-6- 
phosphate synthase results in severe metabolic deregulation caused by unbridled 
hexokinase activity in the presence of fermentable sugar [3, 11, 12). 

Despite extensive research efforts, the actual mechanisms by which the yeast 
hexokinases are themselves regulated, and by which they regulate glycolytic influx and 
sugar-induced signalling are at present unclear. In order to obtain more insight into the 
structural requirements of yeast hexokinase for sugar dependent regulatory mechanisms, 
we have undertaken site-directed mutagenesis of Hxk2. Amino acid residues were 
mutated that are important for binding of sugar and ATP, for efficient phosphoryl 
transfer and for controlled closure of the substrate binding cleft and conformational 
changes of the enzyme during catalysis. The effects of these mutations on hexokinase- 
mediated signal transduction are described in detail elsewhere [13]. In this paper we 
focus on the effects on the initiation of glycolysis during the transition from respiration 
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to fermentation. Results indicate that yeast hexokinase presents an important control 
point for sugar influx into glycolysis during the onset of fermentation. 


METHODS 


Strains, constructs and growth conditions 

Strains used in this study are all isogenic to W303-1A [14]. Site-directed 
mutagenesis of HXK2 is described elsewhere [13]. Wild type and mutated alleles of 
HXK2 were introduced into single copy vector YCplac33 [13], and transformed into 
YSH7.4-3C (hxkl4::HIS3 hxk2A::LEU2 glkl4::LEU2) [7]. Yeast cells were cultured in 
standard yeast nitrogen base/ammonium sulfate media with synthetic ‘drop-out’ amino 
acid/nucleotide mixture as required, and supplemented with 2% (w/v) galactose 
(SCGal), or with 2% (w/v) ethanol, 2% (w/v) glycerol and 0.1% (w/v) glucose 
(SCEGd). Wash and sample medium was standard complete YP (1% yeast extract and 
2% peptone). Cultures were grown in an orbital shaker at 30°C and harvested by 
centrifugation. 


Hexokinase activity and kinetic analysis 

For determination of specific hexokinase activity, maximum phosphorylation 
rate V,,,, and substrate binding coefficient K,, cells were grown in SCGal to mid- 
logarithmic growth phase and harvested by centrifugation at 4°C. Preparation of crude 
enzyme extracts and activity measurement were essentially as previously described [3, 
12]. For kinetic analysis glucose concentrations in the hexokinase assay were between 
0.05mM and 100mM, fructose concentrations between 1.0mM and 200mM, and ATP 
concentrations between 0.1mM and 10mM. Kinetic constants were calculated by non- 
linear least squares analysis, using the Excel template ANEMONA [15]. 


Determination of metabolites 

For determination of glycolytic intermediates, cells were grown in SCEGd to 
mid-logarithmic growth phase, harvested by centrifugation at 4°C and washed twice in 
ice-cold YP medium. Subsequently the cells were resuspended in YP medium and pre- 
incubated at 30°C before addition of 100mM glucose or fructose. Sampling in cold 
methanol, preparation of extracts and measurement of metabolites were essentially as 
previously described [3, 12]. 


RESULTS AND DISCUSSION 

To study structural requirements of Hxk2-mediated control, we have mutated the 
following amino acids. Lysine-111 is highly conserved among eukaryotic hexokinases 
and is specifically involved in glucose-enhanced binding of ATP [16]. Lysine-111 was 
mutated to arginine (K111R) and to valine (K111V). Aspartate-211 has been implicated 
in the nucleophilic attack of the glucose 6-OH group on the gamma-phosphate of ATP 
and hence was predicted to present the conserved catalytic center of eukaryotic 
hexokinases [17, 18]. Aspartate-211 was mutated to isoleucine (D211]) and to serine 
(D211S). Serine-158 is a conserved critical determinant of hexokinase conformation, 
sugar binding affinity and catalytic activity [19]. The central role of this amino acid in 
the phosphoryl transfer reaction was recently emphasized by the finding that it is 
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autophosphorylated when Hxk2 is inhibited by non-phosphorylatable D-xylose [20]. 
Serine-158 was mutated to alanine (SI58A). HXK2 alleles carrying each of these 
mutations were introduced on single-copy plasmids into a yeast strain lacking the 
endogeneous HXK1, HXK2 and GLK/ genes. Stable and unperturbed expression of all 
mutant enzymes was verified by Western blot analysis (data not shown). 

In Table 1, V,,,, and K,, values for glucose and fructose are depicted for wild 
type Hxk2 and mutant proteins. Mutation of Lys-111 partially decreased V,,,, but did 
not or only slightly affect sugar binding affinity for glucose and fructose. Accordingly, 
both Lys-111 mutations confered wild type growth on either carbon source [13]. In 
agreement with a specific role in ATP binding, both mutations increased the K,, for 
ATP. In line with a central role in catalysis for Asp-211, mutation of this amino acid 
virtually abolished enzyme activity. However, sugar binding affinity was even slightly 
enhanced compared to wild type. The Asp-211 mutants could not grow on fermentable 
carbon sources [13]. The Ser-158 mutation is remarkable in several aspects. The V,,,, for 
glucose is severely reduced. Accordingly, growth on glucose was retarded compared to 
wild type and severely inhibited in the presence of antimycin, indicating that sugar 
influx into glycolysis was strongly reduced [13]. Surprisingly, glucose binding affinity 
was dramatically enhanced, while ATP-affinity was severely decreased. This is 
indicative of a conformational distortion of the enzyme and a concomittant decrease in 
the efficiency of the phosphoryl transfer reaction [13], reflected in a lowered V,,,,. With 
fructose, the V,,,, was only lowered to about 50% of wild type, whereas sugar affinity 
was not affected. The affinity for ATP was however even more dramatically affected 
than with glucose. Apparently, the structural requirements of Hxk2 for phosphoryl 
transfer from ATP are different with different sugar substrates. 

In vivo activity of the various HXK2 alleles was monitored by measuring the 
accumulation of glycolytic intermediates upon addition of glucose (Fig.1) and fructose 
(data not shown; see [13]) to cells grown under respiratory conditions. For the Asp-211 
mutants, like for the triple kinase deletion strain no accumulation of sugar phosphates 
could be detected. This was in agreement with the about 500-fold reduction of the k,,, 
measured in vitro (Table 1). Metabolic profiles for both Lys-111 mutants were 
comparable to wild type, including the rapid decrease in intracellular phosphate 
concomittant with the boost of sugar phosphates in the first minutes after glucose 
addition. Like in the wild type there was virtually no accumulation of intracellular 
glucose [3], indicating a rapid influx of sugar into glycolysis. Apparently, both Lys-111 
mutants with decreased V,,,, as measured in vitro (Table 1), supported about normal in 
vivo sugar phosphorylation at the onset of glycolysis. Since fructose-1,6-bisphosphate 


levels were slightly lowered, the overall flux through the upper part of glycolysis may 
have been somewhat decreased. 
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Table 1. Michaelis-Menten kinetics for yeast Hxk2 wild type and mutant enzymes. 


Wess rel. Vinex K, Vale KO 
mU/mg % mM mM 
Glucose 
HXK2 — 590 + 50 100 0.22 + 0.02 2680 0.16 + 0.13 
KIIIR 526 + 30 90 0.214 0.01 2505 0.31+0.10 
K111V 305 + 20 50 0.15+0.01 2033 0.38 + 0.08 
D2111 0.97 + 0.09 0.16 0.164 0.10 6.0 0.32 + 0.09 
D211S 0.72 + 0.07 0.12 0.16 + 0.10 4.5 0.31 + 0.08 
S158A 6744 10 0.025 + 0.010 2680 1.31 + 0.05 
Fructose 
HXK2 600 + 20 100 1.19 + 0.02 505 0.088 + 0.03 
K111R 600 + 20 100 1.70 + 0.03 350 0.17 + 0.06 
KII1V 365 + 30 60 1.48 + 0.06 245 0.23 + 0.06 
D2111 2.0 + 0.2 0.33 2.20 + 0.09 1.0 0.37 + 0.10 
D211S 1.2+0.1 0.12 2.03 + 0.10 0.6 0.35+0.11 
S158A 292 + 20 50 1,21 + 0.03 240 1.05 + 0.04 


Kinetics for ATP were determined in the presence of 10 mM glucose or 50 mM fructose, respectively. 


The Ser-158 mutation exhibited a severely inhibited accumulation of sugar 
phosphates upon addition of glucose which is fully in line with the about 10-fold 
reduction in specific activity measured in vitro (Table 1). Sugar mono-phosphate levels 
-were Clearly lower than for the wild type and Lys-111 mutants, and fructose-1,6- 
bisphosphate accumulation was poor and very short-lived. This indicates that the influx 
into and the flux through the upper part of glycolysis was indeed strongly inhibited, as 
already suggested by the poor growth on fermentable carbon sources (see above). 
Accordingly, intracellular phosphate levels did not rapidly decline and glucose 
accumulated intracellularly, albeit not as dramatic as in the triple kinase deletion strain 
in which glycolytic influx was completely blocked. Upon addition of fructose, sugar 
phosphate accumulation and decrease in intracellular phosphate of the S158A mutant 
were comparable to those of the K111R and K111V mutants (data not shown).This was 
not unexpected, since the V,,,, for fructose was not dramatically affected (Table 1). 

These results indicate that accumulation of sugar phosphates and the influx of 
fermentable sugar into glycolysis can be modulated during the transition from 
respiration to fermentation, by specifically modulating Hxk2 enzyme activity. Hence, 
yeast hexokinase PII presents an important control point for sugar influx into glycolysis 
during the initiation of fermentation. 
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Glucose-6-P Fructose-6-P 


Fructose-1,6-bP Intracellular glucose 


Figure 1. Intracellular concentrations of metabolites after the addition of 100mM 
glucose to SCEGd-grown yeast cells. Concentrations are indicated on the vertical axes 


in mM. Symbols for each of the strains investigated are indicated in the legend to the 
upperleft panel. 
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INTRODUCTION 

Although infrared thermography is used to measure heat dispersion from the skin 
of living animals [1, 2], similar techniques have not been developed for detecting 
temperature changes using isolated cells. Indeed, in vivo studies of thermogenesis are 
limited because of the contributions that multiple tissues make to energy expenditure. 
This report provides evidence that high resolution infrared thermography can be used 
non-invasively to measure the real time thermogenic effects of both anti-obesity (e.g., 
CL316243) and anti-diabetic (e.g., troglitazone) agents in cells cultured in microtiter 
plates. Furthermore, the infrared technology can be applied to study thermogenic 
proteins such as the uncoupling proteins (UCPs) which uncouple oxidative 
phosphorylation from respiration in mitochondria resulting in heat generation [3]. This 
novel approach provides the biologist with a rapid method for studying how multiple 
drug candidates and/or thermogenic proteins affect thermogenesis in isolated cells. 


METHODS 


A detailed description of the methods are described in Paulik et al. [4]. Briefly, 
yeast were transformed with uncoupling protein 2 (UCP2) or exposed to carbonyl 
cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) or rotenone. Adipocytes were 
prepared and processed as previously described [5,6]. Subsequently, the adipocytes 
were exposed to either rotenone, FCCP, cycloheximide, troglitazone, or CL316243. 
Thermogenesis was measured using infrared thermography. 


RESULTS AND DISCUSSION 


As part of the initial effort to validate the use of infrared thermography to 
monitor mitochondrial heat production, we treated human adipocytes cultured in 96- 
well microtiter plates and yeast suspended in 384-well microtiter plates with rotenone or 
FCCP. Rotenone is an inhibitor of mitochondrial electron transport [7] while FCCP is 
an uncoupler of mitochondrial respiration [8]. Subsequently, we measured the heat 
produced from the cells using an Agema Thermovision 900 Infrared Imaging System. 
As shown in the dose response assays in Fig. 1, rotenone treatment inhibited 
thermogenesis in human adipocytes (Fig. 1A) and yeast (Fig. 1B). In contrast, FCCP 
stimulated heat production in both cell types relative to untreated cells (Fig. 1). 
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Figure 1. Infrared image of yeast and human adipocyte cultures treated with rotenone 
and FCCP. Dose responses are shown on the thermogenic effects of rotenone and 
FCCP on (A) human adipocytes and (B) yeast. The cells were treated for 10 minutes 
with either agent before the images were analyzed by infrared thermography. 
Representative data is presented from experiments performed in triplicate. 


Kinetic analysis revealed that changes in heat production were detectable 10 
minutes after treating the cells with either agent (data not shown). Shorter times could 
not be measured because the system required 10 minutes for temperature equilibration 
after treating the cells with either agent. 

Although UCP1 regulates mitochondrial-mediated thermogenesis in rodent 
brown adipose tissue [3], there is no direct evidence that a protein homologoue, UCP2, 
plays a similar role. In order to evaluate UCP2’s role in thermogenesis and further 
validate the use of infrared thermography, the UCP2 gene was cloned from a human 
cDNA library and expressed in yeast using a galactose-inducible expression system. As 
shown in Fig. 2A, expression of UCP2 in yeast resulted in increased thermogenesis 
relative to cells lacking UCP2. As expected, treatment of the cells with rotenone 
inhibited UCP2-mediated thermogenesis (Fig. 2A and 2B). For reference, we confirmed 
UCP2 was expressed in these cells by Western blot analysis (Fig. 2C). Peak expression 
and thermogenesis was observed 3-4 hours after inducing UCP2 synthesis with 
galactose (data not shown). Taken together, the results validate using infrared 
thermography as a tool to measure the effects of various molecules (e.g., rotenone, 
FCCP, and UCP2) on mitochondrial-mediated thermogenesis. 

We were interested in determining if infrared thermography could be used to 
analyze the pharmacological effects of drugs which alter fuel metabolism. Troglitazone 
is an antidiabetic agent that increases anabolism (e.g., lipogenesis and mitochondrial 
mass) and decreases catabolism (e.g., basal lipolysis and aerobic respiration) in 
C3H10T1/2 cells [6]. The effects of troglitazone on these cells is a result of activation 
of the transcription factor PPARy which, in turn, induces differentiation of the stem cells 
into adipocytes [5,6]. Thus, infrared thermography was used to test the affects of 
troglitazone and 5 structurally related agonists on heat production in differentiating 
C3H10T1/2 cells (Fig. 3A). 
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Fig. 2. Infrared thermographic analysis 
of yeast expressing UCP2. Yeast were 
transformed with two plasmids 
expressing UCP2 (isolates I and II) or 
vector lacking UCP2 (control). (A) As 
a control, the cells were treated with (+) 
or without (-) rotenone for 10 minutes 
prior to the plates being analyzed by 
infrared thermography. (B) The 
rotenone-sensitive thermogenic 
response (AT) was calculated by 
subtracting the temperature of the cells 
in the presence of rotenone from the 
temperature of the cells in the absence 
of rotenone. (C) For reference, Western 
analysis of UCP2 was performed on 
nontransfected cells (UCP2: -) or 
transfected cells (UCP2: +) which were 
treated with (induction: +) or without 
(induction: -) galactose. Representative 
data from three experiments is given. 
Each sample was repeated in triplicate 
for the given experiment. 


Heat production decreased in cells treated with increasing concentrations of 
troglitazone or the other related PPARy agonists (Fig. 3A), suggesting thermogenesis is 
suppressed as these cells differentiate into adipocytes. Further, the rank order potency 
of the various PPARy agonists tested in the thermogenesis assay was BRL49653 2 
GW1929 > troglitazone 2 pioglitazone > ciglitazone > englitazone (Fig. 3A). These 
rank order of potencies correlated (r=0.9) with the minimal effective doses in vivo for 
the PPARy agonists [9]. Since UCP expression increases as stem cells differentiate into 
adipocytes [5], these observations suggest that increased UCP expression is not 
sufficient for stimulation of thermogenesis in adipocytes. Moreover, these results 


indicate infrared thermography can be used to study the pharmacological effects PPARy 
agonists on heat production during adipogenesis. 


The ,-adrenergic receptor (B;AR) agonists are candidate therapeutic agents for 
the treatment of diabetes and obesity. The mechanism of action for these agents is 
thought to involve increased metabolic rate [10]. 
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Therefore, we tested if infrared imaging could be used to monitor the effects of BAR- 
agonists on thermogenesis in cultured adipocytes. As shown in Fig. 3A, thermogenesis 
in C3H10T1/2 adipocytes was stimulated by treatment with the selective B,AR agonist, 
CL316243, and the non-selective BAR agonist, isoproterenol. The B,AR agonist, 
RO363, and the B,AR agonist, albuterol, were less effective than CL316243 or 
isoproterenol at stimulating thermogenesis in these cells. 

As a control, the effects of BAR agonists on lipolysis was measured. Dose 
response analysis revealed the various BAR agonists had similar EC,,s in both the 
thermogenesis and lipolysis assays (data not shown, [3]). A correlation coefficient of 
0.99 was observed when the potencies of the various BAR agonists were compared in 
both assays, suggesting the same BAR signaling pathways mediate lipolysis and 
thermogenesis in adipocytes. Taken together, these observations indicate infrared 
thermography is useful for characterizing how anabolic (e.g., troglitazone) or catabolic 
(e.g., CL316243) drugs affect heat production in cell culture. 

The pleiotropic effects of multiple tissues on heat dispersion in vivo necessitates 
the measurement of thermoregulatory properties of isolated cells. To address this 
problem, in part, microcalorimetry has been developed as a technique to measure the 
heat produced by isolated cells [11]. This technique has the advantage of measuring 
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heat output quantitatively (i.e., kJ/mol). However, this technique is limited because it 
can not be used to measure temperature gradations over fixed surface areas, such as 
those found in cell culture plates. Thus, we developed several applications for using 
infrared thermography to measure thermogenesis in cultured cells. Taken together, the 
data show infrared thermography can be used to measure changes in mitochondrial 
metabolism in yeast and the pharmacological effects of PPARy and BAR agonists in 
adipocytes. We have observed that infrared thermography has several advantages when 
compared to other metabolic assays for PPARy agonists (e.g., lipogenesis assays) or 
BAR-agonists (e.g., cAMP measurements). For example, this technique does not 
require any radioactive precursors, thereby eliminating unnecessary exposure to ionizing 
radiation. Further, it does not require consumable supplies (e.g., substrates or buffers) 
outside of those needed to maintain cells in culture. Indeed, the non-invasive nature of 
infrared thermography allows for multiple serial measurements for as long as cells are 
maintained in culture. Finally, it is concluded that the sensitivity (0.002°C) and 
robustness (i.e., 384-well format) of this detection system will make it a useful tool for 
analyzing the effects of a variety of agents on heat production in various cell types. 
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INTRODUCTION 

Lactococcus lactis is used extensively in the manufacturing of fermented dairy 
products, mostly cheeses. The primary function of this organism is the 
homofermentative conversion of sugar through glycolysis to the major end product 
lactate and other minor products that contribute to preservation, texture and flavour of 
fermented dairy products. 

The enzymes phosphofructokinase (PFK), pyruvate kinase (PK) and lactate 
dehydrogenase (LDH) which are involved in glycolysis (Fig. 1) posses interesting 
regulatory properties [1]. The 3 corresponding genes pfk, pyk and Idh [2,3] are organized 
in one operon (/as), in contrast to the arrangement found in other organisms. This 
organization may provide the cell with a way to regulate the glycolytic flux without 
considerable influence on the concentration of the glycolytic intermediates, simply by 
changing the expression level of the Jas genes and thus affect enzyme activities both 
early and late in glycolysis (Fig. 1). This phenomenon may indicate that the Jas operon 
plays a central role in the regulation of the glycolytic flux. An interesting question is 
then whether these enzymes also control the glycolytic flux in L. lactis. 


Homolactic fermentation in L. /actis 
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Figure 1. A scheme of the glycolytic pathway in L. lactis grown on excess of glucose. 
PFK, PK and LDH are the 3 enzymes encoded by the /as operon. 61 


In this paper, we present our experimental strategy to apply metabolic control 
analysis (MCA) on glycolysis and measure the concentration and flux control exerted by 
these key enzymes. We present work concerning the characterization of the promoter of 
the Jas operon (P;.;) with respect to strength and regulation. Experimental strategies for 
construction of strains are outlined where the expression of either the entire /as operon 


or the individual genes pfk, pyk and Idh are modulated. The latest progress on the 
construction of these strains is presented. 


EXPERIMENTAL STRATEGY - RESULTS 


Characterizing the promoter P,,; of the /as operon . 

For the purpose of experimental MCA (see later) we want to exchange the native 
promoter transcribing the Jas operon with synthetic promoters [4] on the chromosome to 
achieve different levels of constitutive expression. It is therefore necessary to determine 
the native activity of the Jas promoter in order to be able to select synthetic promoters 
with relevant strength. 

Several DNA fragments up- and downstream of the promoter region were cloned 
in front of the reporter genes IacLM in the promoter probe vector pAK80 [5]. The 
pAK80 derivatives were introduced in MG1363 and the strength of the promoter regions 
was estimated from the specific activity of B-galactosidase in overnight cultures (Fig. 2). 
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Figure 2. Different DNA regions up- and downstream from mRNA initiation of the Jas 
operon are cloned in the promoter probe vector pAK80. The sequence to the right of the 
asterix is published [2,3]. Regions amplified with PCR are indicated with arrows. The 
activity of the promoter clones in stationary phase is presented in Miller units. 


Promoter clone 13 showed the highest activity of 1138 Miller units which is a 
relatively high promoter strength. A computer analysis of the sequence predicted the 
presence of putative conservative promoter sequences in the coding region of the Phk 
gene. However, from promoter clone 10 we observed no promoter activity in the region. 
When less downstream DNA was included the activity decreased approximately three 
fold, see Fig. 2 (clone nr. 5 vs. 8 vs. 4). The reason is probably differences in the mRNA 
stability of the different promoter clones. The pAK80 derivatives carrying the promoter 
regions showed a 10 fold higher B-galactosidase activity in the stationary phase 
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compared to exponential phase. This is partly explainable from the plasmid copy 
number, which has been shown to increase three fold in stationary phase [6]. 

In order to avoid influence of the copy number we decided to use a single copy 
system to perform accurate studies on the regulation of the /as promoter. Promoter clone 
5 and 13 were cloned in front of the reporter gene gusA in the promoter probe vector, 
pLB85 [7] encoding B-glucuronidase. The plasmids were subsequently integrated by 
site-specific recombination between the attachment site of the TP901 phage (artP) and 
the affB site on the chromosome of MG1363. We investigated the influence of external 
factors on the transcription from the /as promoter, i.e. growth phase, pH and other stress 
factors [8]. Both promoter clones 5 and 13 were induced 5.7 fold in the late exponential 
growth phase around ODgg ~1 and pH = 6.3 (Fig. 3) compared to a reference 
constitutive promoter [4]. 
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Figure 3. The total B-glucuronidase (B-gluc) activity and pH values are plotted 
against OD, for promoter clone 13 and constitutive promoter 25 integrated on the 
chromosome of MG1363. The cultures were grown in rich media M17 + 1% glucose. 


This regulation is not immediately understandable, because it takes place in the 
growth phase where the cells are about to grow slower, and this should require less ATP 
supply from glycolysis. One could speculate that either product inhibition by lactate or 
uncoupling by external lactate is the cause. However, in preliminary studies we adjusted 
the pH with different amounts of lactic acid to imitate the induction. The results showed 
a lower induction with lower pH and below a certain pH value no induction occurred. 
The mechanism for this regulation remains obscure. Furthermore the synthesis of B- 
glucuronidase was stopped completely late in the stationary growth phase indicating that 
the Jas promoter was no longer active. This part of the regulation makes some sense 
because the cell is in the state where it is no longer necessary to provide it with ATP for 
growth. The promoter clones were also affected by another stress factor, namely heat 
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shock when transferred from 30°C to 37°C. The specific activity of B-glucuronidase was 
reduced which implies that the activity of the promoters were shut down. 


Strategies for experimental MCA 

The 3 genes pfk, pyk and /dh constituting the Jas operon are transcribed from Piss 
in the wild type MG1363 (Fig. 4A). In order to modulate the expression of the /as 
operon the Ps is exchanged with synthetic promoters of different strength on the 
chromosome by homologous recombination (Fig. 4B). To modulate each gene 
individually, the genes preceded by synthetic promoters are integrated by site-specific 


recombination. Subsequently the original chromosomal copy of the gene will be deleted, 
here shown for Idh (Fig. 4C). 
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Figure 4. The strategy for the genetic constructions. A: Wild type MG1363. B: Strains 
to modulate the expression level of the Jas operon. C: Strains to modulate the 


individual pfk, pyk and Idh genes. Here shown for Jdh where the symbol A indicates 
the deletion of the gene. 


Modulating the expression of the /as operon 

Series of plasmids were constructed in which synthetic promoters were flanked 
by DNA fragments from each side of the native promoter Pias. By homologous 
recombination between these upstream and downstream regions and with selection for 
erythromycin resistance the type B strains will be isolated (Fig. 4B). We constructed a 
strain HWA182.4 in which the synthetic promoter CP25 was transcribing the /as 
operon. The result was confirmed by Southern blotting and the strain had a- lower 
expression level measured as phosphofructokinase activity (Table 1). A plasmid with a 
synthetic promoter was integrated by homologous recombination on the chromosome 
(strain HWA182.7), where Pj,5 was still transcribing the Jas genes. A second cross-over 
event should place the /as genes under control of the synthetic promoter. Further strains 
with different strengths of the synthetic promoters are under construction. 
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Table 1: Measurements of the specific activity of phosphofructokinase (PFK). Strain 
HWA182.7 where the plasmid is integrated on the chromosome and the wild type Pigs 
is transcribing the Jas operon. Strain HWA182.4 where the synthetic promoter CP25 is 
transcribing the Jas operon 


Promoter transcribing the las Spec. activity of PFK 
operon U/mg protein 
MG1363 wild type Pjgs 0.1128 


HWA182.7 | wild type Pigs 0.1090 
HWA182.4 | CP25 0.0533 


Modulating the expression of the /as genes pfk, pyk and Idh 

Using the site-specific recombination system, strains are under construction in 
which the expression of the individual /as genes are modulated (Fig. 4C). The genes pfk, 
pyk and Idh were cloned separately in the integration vector pFB12a [7] harboring the 
attP site and in which the genes were transcribed from constitutive promoters. In order 
to control the expression level without influence from regulating factors and to be able 
to lower the expression level of the genes, the original chromosomal copy of the 
modulated gene will be deleted. A mutant with /dh inactivated was constructed and 
deletion mutants of pfk and pyk are under construction. 


MATERIALS AND METHODS 


Bacterial strain, culture media, and plasmids. 

The plasmid-free Lactococcus lactis subsp. cremoris MG1363 [9] was used for 
studying promoter activities in LZ. lactis. It was routinely cultured in M17 [10] 
containing 1% glucose and incubated at 30°C. 

The promoter probe vector pAK80 [5] was used for cloning Pas promoter 
fragments and synthetic promoters to predict the native activity of the Jas promoter. 
pAK80 is a shuttle vector between E. coli and L. lactis and carries the promoterless lacL 
and lacM genes, which encode the reporter f-galactosidase. Erythromycin at the 
concentration of 2ug/ml was used for selection of the pAK80 derivatives in L. lactis. 
The promoter probe vector pLB85 [7] was used for cloning of Pj, promoter fragments 
and synthetic promoters in order to study the regulation of the Jas promoter. pLB85 is 
an E.coli vector that harbors the attachment site of the TP901 phage (attP) for 
recombination on the chromosome and the promoterless gusA gene [11] encoding f- 
glucuronidase. For site-specific recombination a plasmid encoding the enzyme integrase 
necessary for integration was added in trans to the strain. Therefore the pLB85 
derivatives integrated on the chromosome were selected with chloramphenicol at the 
concentration of Sug/ml and erythromycin at 2yg/ml. 

Plasmids containing pfk, pyk and Idh were kindly provided by Dr. L. Hillier. The 
commercial pBluescript II SK (Stratagene) and pUC7erm [12] were used in the plasmid 
constructions to modulate the Jas operon. The unpublised DNA upstream of the Jas 
operon (approximately 1000bp) was obtained by inverse PCR [8]. The sequence was 
confirmed by sequencing 3 independent clones. In order to integrate the /as genes on the 
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chromosome by site-specific recombination we use the integration vector pFB12a [7] 
with an atiP site. 

The synthetic promoters were synthesized from degenerated oligonucleotides [4] 
with known consensus sequences kept constant and the sequences of the separating 
spacers were randomized. The promoter library covers the range of 0.3 up to 2,000 


Miller units and here used for selecting promoters for the modulation of gene 
expression. 


Enzyme assays. 

Measurement of B-galactosidase activity in culture media was performed as 
described in [13] and modified by [5]. The assay condition for the B-glucuronidase 
measurement was the same as for the B-galactosidase, however p-nitro-f$-D-glucuronic 


acid was used as the substrate [11]. Pyruvate kinase activity was conducted as described 
in [14]. 


DISCUSSION 


The control and the regulation of metabolism in the bacteria Lactococcus lactis 
are of great interest, commercially as well as scientifically. The regulatory properties of 
the promoter of the /as operon can be applied to construct starter cultures producing a 
specific product at a certain time. For instance, if the product is too toxic for the cell to 
be expressed during the entire fermentation period. 

The goal of this study will be the determination of the control exerted by 3 different 
glycolytic enzymes on the glycolytic flux and we hope to achieve this goal by carefully 
tuning the expression of the genes around wild type level. The drawback of the chosen 
method is the time-consuming genetic work. However, we believe that this will pay 
back due to the ease at which steady state experiments can be performed with these 
presumed highly stable strains. The fact that the modulation of gene expression is 
achieved with synthetic promoters, allow us also to complement these modulations with 


the modulation of other enzyme activities more freely, and to perform accurate 
metabolic optimization of these bacteria [15]. 
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INTRODUCTION 


Three major pathways of pyruvate in the yeast Saccharomyces cerevisiae have 
been described (1 for review ). During fermentative growth, pyruvate is decarboxylated 
into acetaldehyde by pyruvate decarboxylase which is then reduced into ethanol in the 
cytosol by ADH 1, one of the four known alcohol dehydrogenase isoenzymes (2, 3); this 
sequence of reactions allows the reoxidation of NADH which is produced at level of the 
glyceraldehyde-3-phosphate dehydrogenase. During respiratory metabolism pyruvate 
can enter mitochondria by a specific carrier (4) and is decarboxylated and oxidized into 
acetyl-CoA by pyruvate dehydrogenase, a multienzyme complex located in the matrix 
(1). In addition, a pyruvate dehydrogenase bypass, located in the cytosol converts 
pyruvate into acetyl-CoA by the action of the following enzymes: pyruvate 
decarboxylase, cytosolic acetaldehyde dehydrogenase (5) and acetyl-CoA synthetases 
(6, 7); acetyl-CoA synthesized in the cytosol is either directly used for biosynthetic 
pathways or enters mitochondria via the carnitine acetyl transferase system (8). 

We recently observed that permeabilized yeast cells oxidized pyruvate at a high 
rate while isolated mitochondria did not (9). It is shown in this paper that this respiration 
is due to the oxidation by mitochondria of acetaldehyde produced in the cytosol, and 
that this pathway can compensate for absence of functional pyruvate dehydrogenase. 


MATERIAL AND METHODS 

The Saccharomyces cerevisiae diploid Yeast Foam strain was used and grown in 
complete medium as in (10), mitochondria prepared as in (11) and spheroplasts 
permeabilized by nystatine as in (12). When indicated the strains listed in table 1 were 
used. For other methods see (12) and the legends of figure and tables. 
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Table 1. Genotypes and sources of Sacccharomyces cereviciae strains 


Strain Genotype Activity lacking 
YSH6.36.-3D MATa leu2-3/] 1 2ura3-52 trp]1-92 none (parental strain) 


MATatrp1-92leu23/1 1 2ura352pdclA::LEU2 Pyruvate decarboxylase 
YSH4.136.-2D — pdc54::URA3 (S.Hohmann) 


T2-3D HO/HO PDAI/PDA1 none (parental strain) 

T2-3C HO/HO pdal::Tn5ble/pdal::Tn5ble Pyruvate dehydrogenase 
(H.Y de Steenma) 

RY601 ura3-52 lys2-801 ade2-101 trp1-A63 his3- none (parental strain) 
A200 leu2-Al 

RY271 ura3-52 lys2-801 ade2-101 trp1-A63 his3- Mitochondrial 
A200 leu2-Al ald7::HIS3 Tice as 
(P.Meaden) 


Table 2. Comparison of respiratory rates between isolated mitochondria and 
permeabilized spheroplasts incubated with different substrates 4. 


Respiratory rate (natom O/min-! mg ~! protein) 


permeabilised spheroplasts isolated Mitochondria 
-ADP +ADP -ADP 

Ethanol 76+05 144+06 227420 409445 100 
Succinat 67403 151407 147415 250411 62 
Pyruvat 65+04 110409 66+08 15+04 04 

Malate 06+01 06+01 14403 12+£03 62 
Pyruvate 87+04 148408 66+08 83415 20 

Malate 


*Mitochondria 0.5 mg/ml were incubated in medium containing 0.65 M mannitol, 0.36 mM EGTA, 10 
mM Tris-maleate, 5 mM phosphate, pH 6.8.For spheroplasts, 1 mg/m! were incubated in medium 
containiung 1M sorbitol, 0.5 mM EGTA, 2 mM MgSO4, 1.7 mM NaCl, 10 mM KH2POg4 and 1% bovine 
serum albumin, pH 6.8. Permeabilisation of spheroplasts was performed by incubation with 20 mg/ml 
nystatin for 10 min. 

Respiratory rate was measured after addition of various substrates. All the substrates were used at 10 mM 
except for ethanol : 109 mM. For ADP 2 mM were added. To compare the relative activities between 
spheroplasts and isolated mitochondria the respiratory values (+ADP) were expressed as a percent of ethanol 
respiratory rate. 
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RESULTS AND DISCUSSION 

Respiration of isolated mitochondria and permeabilized spheroplasts on different 
substrates is presented in table 2. Mitochondria did not oxidize pyruvate unless malate 
was added in accordance with a catabolism via the pyruvate dehydrogenase and the 
tricarboxylic cycle. Oxidation of pyruvate by permeabilized spheroplasts, however, did 
not require malate addition although this dicarboxylate stimulated the respiration (see 
also 9). It was verified that spheroplast extracts did not contain malate in a sufficient 
amount to explain the respiration on pyruvate. 

After centrifugation of the permeabilized spheroplasts the pellet containing the 
mitochondrial fraction did not oxidize pyruvate. This activity was restored in the 
presence of the soluble fraction which contained a non-dialysable and acid- or thermo- 
sensitive active molecule. We tried to purify this molecule as described in the legend of 
figure 1. It can be seen that the molecule co-purified with the pyruvate decarboxylase 
activity. Morever, respiration of isolated mitochondria with pyruvate as the sole 
substrate had been induced by addition of commercial pyruvate decarboxylase (data not 
shown) .These results lead to the conclusion that the active molecule is pyruvate 
decarboxylase. 
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Figure 1. Characterization of the cytosolic active fraction. 

Broken spheroplasts were centrifuged at 12 000g, proteins of the supernatant 
precipitated at 65 % ammonium sulfate saturation and solubilized in a phosphate 
buffer. After dialysis overnight against phosphate buffer, the extract was separated on 
monoQ column and eluted by a 0-1 M KCl gradient . A superose-12 column was 
loaded by the active fraction eluated from monoQ column. (-) absorbancy at 280 nm ; (I 
) pyruvate decarboxylase activity ;(n ) respiratory rate of mitochondria on pyruvate (10 
mM) in the presence of the different fractions. 


This conclusion was confirmed and extended by the use of mutants (see table 3). 
It is clear that spheroplasts from the strain YSH4.136.-2D lacking pyruvate 
decarboxylase activity did not oxidize pyruvate, in contrast to its parental strain. 
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However, addition of malate induced a respiration on pyruvate indicating that the 
unique way of pyruvate oxidation is the pyruvate dehydrogenase- tricarboxylic cycle 
pathway. As expected, spheroplasts from the strain T2-3C lacking pyruvate 
dehydrogenase activity oxidized pyruvate, but the respiration was not stimulated by 
malate. 


Table3. Comparison of respiratory rates of permeabiliazed spheroplasts between 
mutants and ther parental strains with various substrates ©. 


Respiratory rate (natom O.min~!. mg-!protein) 


Strains YSH6.36.-3D YSH4.136.-2D | T2-3D 
Substrates 
104 100 

Ethanol 

72 74 
Succinate 

05 52 
pyruvate 

14 10 
Malate 

56 40 
pyruvate- 
malate 


©Experimentals conditions are described in the legend the table 2. 


Yeast cells contain two kinds of acetaldehyde dehydrogenase: the cytosolic 
NADP” dependent enzyme and the mitochondrial NAD(P)" dependent one. The former 
is thought to be involved in the cytosolic biosynthetic pathway since NADPH is not 
oxidized by mitochondria.The gene ALD7 coding for the mitochondrial enzyme was 
interrupted in the strain RY271. We verified that the mitochondrial acetaldehyde 
dehydrogenase was lacking. Table 3 shows that this strain did not oxidize pyruvate 
unless malate was added, pointing to an essential role of the mitochondrial acetaldehyde 
dehydrogenase in the pyruvate oxidation process. 

The way of acetyl-coenzyme A synthesis in the cytosol from pyruvate is known 
as the pyruvate dehydrogenase ‘by pass’. This is true for acetyl-coA formation. 
However, pyruvate dehydrogenase also catalyses the NAD’ reduction in the 
mitochondrial matrix; a possible alternative via the mitochondrial acetyl dehydrogenase 
is proposed in figure 2. This view is also supported by the observations that mutants 
lacking either pyruvate dehydrogenase or mitochondrial acetaldehyde dehydrogenase 
activities both grew on lactate as carbon source. 
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Figure 2. Key enzymatic reactions at the pyruvate branch-point Saccomyces cerevisiae. 
Numbered reactions are catalysed by the following enzymes: 1 _ pyruvate 
decarboxylase(PDC), 2 cytosolic acetaldehyde dehydrogenase NADP dependent 
(ACDH), 3 acetyl-CoA synthetase (ACS), 4 alcohol dehydrogenase (ADH), 5 
mitochondrial pyruvate carrier, 6 pyruvate dehydrogenase complex(PDH), 7 
mitochondrial acetaldehyde dehydrogenase, 8 carnitine acetyl transferase (CAT). 
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INTRODUCTION 

Regulation of oxygen consumption of oxidative muscle is exerted by various 
factors such as ADP, phosphorylation potential, phosphocreatine/ creatine ratio, 
intracellular Ca2+, nitric oxide and oxygen [1-4]. Permeabilized muscle fibers and 
isolated cardiomyocytes display pronounced limitation for ADP transport when 
compared with isolated mitochondria [5]. Whereas the outer mitochondrial membrane is 
the proposed mechanism for transport limitation for the charged molecule ADP [6-7], 
biological membranes do not constitute any barrier for oxygen diffusion. Nevertheless, 
oxygen affinity is significantly reduced in respiration of permeabilized muscle fibers 
[8]. In the present study we addressed the problem of oxygen limited respiration by 
comparing the oxygen kinetics in permeabilized muscle fibers, collagenase-treated 
permeabilized muscle fibers and isolated mitochondria. 


METHODS 

Rat heart mitochondria were isolated using a trypsin method [9]. Permeabilized 
bundles of rat cardiac and skeletal muscle fibers (from endocardial surface of left 
ventricle and M. soleus) were prepared by incubation in relaxing solution with 50 pg/ml 
saponin for 30 min at 4 °C [10]. Oxygen kinetics was studied by high-resolution 
respirometry with the OROBOROS Oxygraph in transitions between aerobic and anoxic 
states [11]. The incubation medium (30 °C, pH 7.1) consisted of 200 mM sucrose, 0.5 
mM EGTA, 3 mM MgCly, 20 mM taurine, 10 mM KH2POq, 20 mM K-HEPES, | 
mg/ml BSA, and 10 mM pyruvate and 5 mM malate as substrates for complex J. The 
software DATLAB 2.1 (OROBOROS, Innsbruck, Austria) was used for data acquisition and 
specific oxygen kinetics analysis, including internal zero-oxygen calibration and 
corrections for response time and instrumental background [4]. 


RESULTS 

Isolated mitochondria as well as permeabilized muscle fibers showed hyperbolic 
relations between oxygen flux and oxygen pressure. The apparent Km for oxygen (p50) 
in isolated cardiac mitochondria was not controlled by diffusion gradients but by 
metabolic state. 59 was 0.02 kPa at rest, and increased to 0.04 kPa in actively 
respiring isolated mitochondria, in the presence of 1 mM ADP (Fig. 1). In uncoupled 
mitochondria p59 was 0.02 kPa at a maximum flux identical to the active state. In 
contrast, permeabilized muscle fibers showed oxygen-dependent respiration over the 
entire experimental oxygen range used routinely in respirometry with permeabilized 
fibers. In soleus and cardiac muscle fibers, 750 increased from | kPa in resting states 
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(without ADP) to 4 kPa (up to 7 kPa) in active states (with 1 mM ADP; Table 1). 
Addition of collagenase (,,Sigma‘, type II, final concentration 0.2 mg/ml) in the course 
of respiration measurements resulted in a dramatic increase of affinity for oxygen. The 
P50 decreased by almost two orders of magnitude to 0.04 + 0.02 kPa in the active state, 
reaching an identical 
value as in isolated 
mitochondria _ (Fig. 
2). 


J_ [nmol-s-1-mg-1] 


2 


Po, {kPal 


Figure 1. Hyperbolic relation of respiration, Jo» and oxygen pressure, pQ,, in isolated 
heart mitochondria. (3) active; (2) resting state. 


Table 1. Kinetic parameters for oxygen* and ADP in permeabilized muscle fibers and 
isolated mitochondria. 


cs0 for — c50 for oxygen 
RCI§ {resting state § a state 8, 

pM uM 
Permeabilized 
muscle fibers TAL+1.5 11+1.0 38417 330+50 [7] 
Rat soleus 
Permeabilized 
muscle fibers 78+1.3 9+1.0 42 +27 260+50 [5] 
Rat heart 
Isolated 
mitochondria 8.4+2.3 |0.16+0.07 [11] 0.35+0.08 [11] ]17.6+1.0 [5] 
Rat heart 


* Half-saturating oxygen concentration, c59, was calculated from ps5o and the oxygen 
solubility of 10.07 uM/kPa. 

§ with pyruvate/malate; RCI, respiratory control index was calculated as ratio between 
rates of respiration in active and resting state. 

# with glutamate/malate. 
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8 psp (3) = 0.034 kPa 
(+ collagenase) 


’ Pso (3) = 3.60 kPa 
(- collagenase) 
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0 2 4 6 8 10 0,0 0,2 0.4 0,6 0,8 1,0 
Po, [kPa] Po, [kPa] 


Figure 2. Hyperbolic relation of active respiration, Jo,, and oxygen pressure, pO,,. 
(-) in permeabilized rat skeletal muscle fibers (M. soleus); (+ ) after treatment of 
bundles of muscle fibers with collagenase. 


DISCUSSION 

Based on simple diffusion, the oxygen diffusion ,,gradient“ between extracellular 
medium and the average mitochondrion can be calculated at half-maximum flux as the 
difference between the 5q of fibers and isolated mitochondria, i.e. 42 - 0.4 pM. By 
comparing diffusion coefficients of oxygen (20-10-6 cm?2-s! [12]) and Mg-ADP (4-10- 
6 to 6-10-6 cm2-s-1; [13,14]), the diffusion gradient for ADP between extracellular 
medium and mitochondria is calculated as 3 to 5 times the concentration gradient for 
oxygen. This value of c. 130 to 200 phM ADP, added to the mitochondrial Ky,PP for 
ADP of 20 uM (Table 1), yields a theoretical K,,2PP for ADP in permeabilized fibers of 
150 to 220 4M. Therefore, diffusion limitation can explain part of the observed increase 
of the Ky,4PP for ADP to 300 uM in permeabilized muscle fibers (Table 1). However, a 
more than 50 % contribution of diffusion limitation to total transport limitation is 
certainly an overestimation since a significant fraction of mitochondrially produced 
ATP is hydrolyzed and regenerates ADP locally. Moreover, the K,,2PP for ADP is not 
significantly lower in cardiomyocytes (c. 20 xm in diameter) than in permeabilized fiber 
bundles in spite of remarkably different sizes [5]. 

Evaluation of these results is of primary methodological importance for the 
application of permeabilized muscle fibers in the field of diagnosis of mitochondrial 
dysfunction. Respiratory flux of muscle fiber bundles is limited by oxygen diffusion at 
high oxygen concentration. This problem may be avoided by collagenase treatment, 
potentially offering a new approach in mitochondrial studies with permeabilized muscle 
fibers. 

In addition, it remains to be shown whether the simple increase of diffusion 
distances can explain the observed decrease in oxygen affinity in permeabilized muscle 
fibers. Alternatively, other factors related to metabolic state may contribute to the 
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decrease of oxygen affinity in permeabilized muscle fibers. Since p59 depends on 
metabolic state and coupling, oxygen affinity is a sensitive indicator of the functional 
state of isolated mitochondria and cells [15]. 
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INTRODUCTION 

Periods of nutrient starvation often occur in industrial processes. One example is 
the production of Bakers’ yeast, where periods of starvation may occur both in the 
production phase and during subsequent storage. Lack of one or several nutrients may 
occur. Starvation affects the quality of the yeast, and especially the important 
fermentative capacity of the cells may decrease. It has been shown that the fermentative 
capacity after nitrogen starvation was much lower compared to after carbon starvation 
[1]. The physiological state of the cells also plays a significant role. Yeast cells growing 
logarithmically on glucose were much more sensitive for carbon. starvation than cells 
originating from the diauxic shift (transition from glucose to ethanol as the carbon 
source). After 7 days of starvation, log phase cells lost 80 % of the fermentative 
capacity. In contrast, cells harvested from the diauxic shift maintained their fermentative 
capacity during starvation [6]. Further investigations showed that the decrease in 
fermentative capacity did not correlate with the amount of glycolytic and fermentative 
enzymes [2]. Another explanation for the difference between carbon and nitrogen 
starved cells may be the activity of the glucose uptake system. It has been suggested that 
the transport step exerts a high level of control on the glycolytic flux in this yeast [3]. 
Former studies [4, 5] revealed that during nitrogen starvation, in the presence of a 
fermentable carbon source, the uptake systems of S. cerevisiae are irreversibly 
inactivated. In derepressed cells, which maintain a high fermentative capacity [6], 
mainly the high affinity uptake system (K,, 1-2 mM) was present [7, 8]. 

The aim of the present study was to investigate if the influence of starvation on 
the uptake capacity could possibly explain the lower fermentative capacity of nitrogen 
starved cells compared to carbon starved cells. Different methods to estimate the kinetic 
coefficients are also discussed. 


METHODS 


Uptake experiments 

A wildtype diploid laboratory strain, X-2180, from Yeast Genetic Stock Center 
(Berkeley, California, USA) was used. The cells were grown in shake flask cultures 
(volume of liquid/flask ratio, 1:2) at 30 °C and 170 rpm in a rotary shaker with YNB 
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(Yeast Nitrogen Base, w/o amino acids and ammonium sulphate) medium. The medium 
contained 1.7 g/l YNB, 20 g/l glucose (monohydrate) as carbon source, 5 g/l ammonium 
sulphate as nitrogen source in 0.1 M potassium phthalate buffer, pH 5.0. The cells were 
grown until one hour after glucose depletion (giving transition phase cells), centrifuged 
(4 °C, 7 min, 5000 g) and resuspended in starvation medium (volume of liquid/flask 
ratio, 1:4). The starvation media lacked either the carbon or nitrogen source, or both the 
carbon and nitrogen sources, of the YNB medium. The medium for nitrogen starvation 
experiments contained 35 g/l glucose (monohydrate) which was sufficient to prevent 
depletion of glucose during the starvation period. The cells were starved for 24 h at 30 
°C and 170 rpm in a rotary shaker. The cells were harvested by centrifugation as earlier 
and resuspended in a synthetic freshwater, S6, containing per litre; 84 mg NaHCO,, 12 
mg NaNO,, 14.7 mg CaCl,°2H,O, 12.3 mg MgSO,°7H,O, 1.74 mg K,HPO,, 0.49 mg 
Na,SiO,. 

The initial uptake rate of glucose was measured over 5 s as described by Walsh 


et al. [7] using glucose concentrations between 0.05-50 mM. Protein was determined 
according to the method of Lowry [9]. 


Evaluation 


The uptake was assumed to follow Michaelis-Menten kinetics. To determine the 
Vex and K,, the data were fitted to the Michaelis-Menten equation by regression of 
linearised variables. Three linearised equations were used, Eq. 1-3, all of which are 
common for the determination of enzyme kinetics. The variables are denoted; v, uptake 


rate, V,..,, maximal uptake rate, S, substrate (glucose) concentration; and K,,, affinity 
constant. 


Eadie-Hofstee v=-K, - a (1) 
: lL Kk 4 1 
Lineweaver-Burk —-=—*,— 2 
Wag 1S Vacs 
Ss | K 
Hanes (or Wool —= - m 3 
( f) ae S+ v. (3) 


The Eadie-Hofstee method is widely used for determination of uptake kinetics, 
because multiple uptake systems can easily be detected from the resulting “bilinear- 
like” plot. However, if multiple uptake systems are detected, it is important to use an 
appropriate method for the determination of the kinetic coefficients of the different 
uptake systems (see discussion in e.g [10]). A drawback with the Eadie-Hofstee 
rearrangement is that an error is introduced in the regressor variable, v/s, by the 
multiplication with v. One of the base assumptions made in linear regression, is of 
course that the regressor variable is known without error [11]. In the next equation 
(Lineweaver-Burk, Eq. 2), the error in the dependent variable, 1/v, has a non-constant 
variance. This is caused by the use of the reciprocal of v, which results in a larger 
influence of the lower rates on the estimated parameter values. Finally, in'the Hanes 
method (Eq. 3), the variance of the error in the dependent variable, S/v, is almost 
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constant and for this reason this equation may be preferable to Eq. 2 [12]. However, in . 
the present case the dependent variable does not have a constant error. The sum of 
squares of the pure error (estimated from repeated experiments) was found to increase 
with increased substrate concentration. This means that a weighted linear regression has 
to be used. In the present work, the calculated pure errors for determination of weighting 
factors were used in the regression of Hanes equation [11]. 


RESULTS AND DISCUSSION 
The experimental results of the uptake experiments (Fig. 1) clearly show a difference 
between the differently starved cells. 


Eadw-Hu Slee 


88 8 8&8 


v (nmol/[mg protcin min]) 
8 


- 6b 


1/v ([mg protein min)/nmol) 
& & 8 


Figure 1. Plots of uptake rate (v) and glucose concentration (S) according to A, Eadie- 
Hofstee; B, Lineweaver-Burk; C, Hanes. Data are presented for cultivations with S. 
cerevisiae: not starved 0, nitrogen starved O, carbon starved A, and both carbon and 
nitrogen starved O. Each point is the average of at least four determinations from at 
least two cultivations. 


As seen in Tab. 1, the estimations of the kinetic parameters were influenced by 
the linearisation method used. For all cases the method of Lineweaver-Burk gave the 
lowest V,,,,, Whereas the Hanes method gave the highest values. The Lineweaver-Burk 
method also resulted in the largest standard deviation of the V,,,, values for all types of 
starvation. This illustrates that this linearisation does not give a good fitting of the data. 
However, it is necessary to keep in mind that the standard deviation of the parameters 
determined for either of the unweighted linearisation methods is not correct, because the 
base assumptions of linear regression are not fulfilled. The K, values also differed 
significantly, and the Hanes equation resulted in the largest values. For the nitrogen 
starved cells there was also a qualitative difference in the K,, determined by the 
different methods. Compared to the carbon starved cells, the K, was lower using both 
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Eadie-Hofstee and Lineweaver-Burk equations, whereas for the Hanes method 
the K,, of the nitrogen starved cells was higher. This shows the importance of taking 


into account how kinetic parameters have been determined when comparing data from 
the literature. 


Table 1. Values of Vmax and K,, determined from the three different types of linearised 
equations of the Michaelis-Menten equation for different types of starved cells of S. 
cerevisiae. The standard deviations of the parameters are given. The standard deviation 
was calculated using the error propagation formula with correlation corrections where 
necessary. 


Vmax (nmol/ mg protein min) 


Type of Eadie-Hofstee Lineweaver-Burk Hanes Hanes, weighted 
starvation 

Non 393429 3774219 452422 646482 
Nitrogen 3244 21219 57+4 75+10 
Carbon 14845 101436 162+4 150+4 

Dual 12747 T1435 13525 15643 

Kn (mM) 

Type of Eadie-Hofstee Lineweaver-Burk Hanes Hanes, weighted 
starvation 

‘Non |SO3H02—~*~<“«~CSSOSC*“‘iaiéO!!C«dTHOS 
Nitrogen 1,240.3 1.6+1.5 5.721:3 3.6£0.7 
Carbon 3240.2 2.10.8 4.0+0.5 3.440.2 
Dual 2.840.2 1.440.8 4,340.4 4.5+0.1 


Fn i 


However, despite the differences in the estimated values of Vmax and Km, the 
results clearly showed that the starvation condition had a large influence on the uptake 
kinetics. For all types of cells the Km values were in the region of 1 to 6 mM, of which 
the highest values of K,, were obtained from using the Hanes equation. However, with a 
proper regression it was possible to distinguish between differences in Km at different 
conditions, i.e. when the weighted Hanes method was used. All types of starvation then 
resulted in an increased value of the Km. Large differences were found in the Vmax 
values, on which different starvation conditions apparently had a large effect. For 
nitrogen starved cells a Vmax of about 10 % of the Vmax for non-starved cell was 
estimated. Carbon and dual starvation resulted in an almost equal Vmax of about 30 % of 
the value obtained for the non-starved cells. Conclusively, it seems that the presence of 
a (fermentative) carbon source is important for the inactivation of the uptake system 
during nitrogen starvation [4]. The clear difference between the carbon and nitrogen 
starved cells indicate that the uptake system at least to some part explains the former 
shown difference in fermentative capacity [1]. 
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ABSTRACT 

Theories of enzyme hydration include an ‘osmotic stress’ model, a ‘dehydration’ 
model, and a ‘molecular crowding’ model. Hexokinase changes its conformation on 
binding glucose. Polyethyleneglycols cause progressive decreases in the glucose binding 
constant (Ky). The Kg effect depends upon PEG size. The effect of osmolytes on 
adenosine deaminase suggests a hypersensitivity to decreasing water activity. Low 
levels of proteins affect activity of lactate dehydrogenase and DNA-protein binding is 
very osmolyte sensitive. All the results can be analysed using the osmotic stress concept 
with variable success. The three theories may not be mutually exclusive, but alternatives 
whose applicability depends upon the system examined. Concepts derived from all three 
models may be needed to explain the intracellular behaviour of proteins and enzymes. 


INTRODUCTION AND ANALYSIS 

Intracellular macromolecule environments differ from in vitro environments. 
The cell has a high osmolarity and high protein concentration. Test tube-and cuvette 
osmolarities are often low. But most proteins hydrate to between 0.2 and 0.3 gm 
HO/gm protein (1). Changes in these waters affect protein behaviour and the control of 
that behaviour. When proteins interact with other molecules there are increases and 
decreases in amounts of bound waters. Such chemically necessary changes are 
potentially physiologically significant. Three theories of osmotic or hydration effects are 
available: (i) the ‘osmotic stress’ model (2,3), in which binding of a physiological ligand 
or substrate is directly accompanied by binding or release of a number of water 
molecules; (ii) the ‘dehydration’ model, in which enzyme function is impaired as a 
hydration layer is depleted of water by addition of osmolyte; and (iii) the ‘molecular 
crowding’ model, in which the solute affects the equilibrium between bound and free 
macromolecules because their covolume changes upon interaction. 

Hexokinase undergoes a conformation change upon binding glucose, as 
monitored by changes in tryptophane absorbance or fluorescence. Increasing 
concentrations of osmolytes (polyethyleneglycols) induce a progressive decrease in the 
glucose binding constant (Ky). This has been analysed in terms of osmotic stress and 
uptake or release of bound waters (4). Adenosine deaminase seems to show 
hypersensitivity to decreasing water activity; this has been interpreted in terms of the 
dehydration model (7). Effects of low levels of proteins on lactate dehydrogenase 
activity, and macromolecular interactions involving DNA and proteins, have been 
interpreted in terms of the macromolecular crowding model (9). 

All three types of result can however be analysed using any one of the three 
models. The present paper employs the osmotic stress method (2,3). Water movement 
from inaccessible fractions to bulk phase can occur in concert with binding of 
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conventional ligands, e. g. glucose in hexokinase (4), and oxygen in haemoglobin (5). 
The numbers of such water molecules ('n' in Eq. [1]) may be positive (5) or negative (4). 
P(H70),, + L + nH20 <-----> P(H20),,4,L complex __..... [1] 
where P = protein and L = ligand. 

Glucose binding by hexokinase involves loss of water from the protein (4, 6). The 'n' 
value is obtained by plotting the natural logarithm of the ratio of the Kg at a given 
osmolality to that at zero osmolality against the measured osmolality in atmospheres or 
dynes/cm2. In the simplest thermodynamic treatment (2) this should be a straight line 
with slope = AV,,/RT where AV,,, is the volume of water removed or added, as in Eq. 

2) 
_ ARTInK, 


AVw my) 


When base 10 logarithms, volumes in cm~/mol, and pressures in atmospheres are used, 
and if water density does not change, Eq. [2] becomes: 
n= AVy/18.1 = ee [3] 
Complications arise when the plots are not linear. Hexokinase challenged with 
large PEGs (M,,>1500) shows a non-linear response to m (6). Adenosine deaminase 
also shows a non-linear response to osmolarity change (7). Lactate dehydrogenase 
changes its activity in response to small amounts of inert protein (8) which cannot 
appreciably affect osmolarity, and protein-DNA binding is especially osmotically 
sensitive (9). But do these osmotic hypersensitivities require the abandonment of the 
"simple" osmotic model? The following analysis attempts to address this question. 


The hexokinase case. 

Initially Rand ef al. (4) estimated a value of n (Eqs. 1-3 above) of = 65. Later 
Reid & Rand (6) showed that a more complex model was needed as (i) the osmotic 
response was not completely independent of the molecular mass of the PEG; and (ii) 
plots of Ln (k/k(0)) vs. 7 are not linear (Eqs. 2 & 3 are not obeyed). 

Fig. 1 contains a summary of the data for two PEGs, one with an average MW of 
400, the other with an average MW of 8000. Each such plot may be fitted to a 
rectangular hyperbola of the form in Eq. 4: 


Ln(Kq/Kgo) = Ln(Kg/Kq0) max*® (501) (4) 
At low osmolarities Eq. (4) reduces to Eq. 5: 
Ln(Kq/Kqg0) = Ln(Kg/Kg0)max*™ /t50 my), 


which has the form of Eq. 3. 
At high osmolarities Eq. 4 becomes Eq. 6: 
Ln(Kq/Kgo) = Ln(Kg/Kg0) max - (6) 
That is, the ratio approaches a maximal value independent of 7m. The values for 
Ln(Kq/Kg0)max {or Ln(Kg(miny/Ka0} and m5q obtained for PEGs of different 
molecular masses are plotted in Fig. 2. 


The adenosine deaminase case 

Dzingeleski & Wolfenden (7) have studied the effects of high concentrations of 
sucrose or ethanol on the activity of adenosine deaminase. They interpret their results, 
which show a marked inhibition of enzyme activity by the solute, in terms of a 


283 


dehydration of an enzyme surface whose functionality requires the cooperative action of 
10-20 water molecules. Fig. 1 includes a summary of their data replotted in the Ln 
(k/kg) vs. format. The effects of sucrose obey Eq. (2) but the ethanol plot is non-linear 
and requires the postulation of more than one process. 


DNA-TyrR 


sucrose 


PEGS8000 


0. i + PEG400 
hexokinase 


Log (k/k(0)) 
= 


adenosine deaminase 


0.0 1.0 2.0 3.0 4.0 45.0 
Osmolality (m, atmos) 
Figure 1. Effect of osmolarity on catalysis or binding by three enzymes or proteins. 
Adenosine deaminase activity was perturbed by sucrose or ethanol (ref. 7). Hexokinase 
Kg for glucose was perturbed by two PEGs (ref. 6). DNA-TyrR binding was perturbed 


by sucrose (ref. 9). Rand-Parsegian plots are of Log parameter ratio vs. osmolarity in 
atmospheres (cf. ref. 2). 


5 4.5)<-—-——— 
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_ 
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1) 

° 

“0.5 os <= . 

2.4 2.9 3.4 3.9 4.4 

log MW (PEG) 


Figure 2. Effect of molecular size of polyethylene glycol upon the maximal Kg/Kgo 
ratio and the osmolarity (7) required for half maximal change of this ratio in 
hexokinase. , Kq/Kg0 ratios; O, osmolarity (x) for half maximal change. Hexokinase 
data at pH 9.0 from Reid and Rand (6). 
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The lactate dehydrogenase and DNA-pTyrR binding cases 

Winzor and coworkers (8, 9) use a ‘crowding’ (volume exclusion) model to 
analyse enzymes (lactate dehydrogenase, LDH) and protein-DNA binding. The LDH 
data cannot easily be interpreted thermodynamically but Fig. 1 also shows the data for 
the binding of the control protein pTyrR to DNA replotted as Ln (k/kp) vs. m. As 
reported (9) this plot is linear and thus the reaction also obeys Eq. (1). Only the 
interpretation of the apparent volume changes is a subject of disagreement (6, 9). 


DISCUSSION 

Macromolecular processes have been analysed using both osmotic stress 
(2,3,10,11) and crowding (9, 12) ideas and in one case the surface dehydration idea (7). 
Are these real alternatives or different ways of looking at the same thing? Osmotic stress 
and crowding both predict that the processes will follow an equation like Eq. (2) 
although the interpretations are different and the magnitudes of the volume changes are 
not the same (values obtained using the osmotic stress method are about 4 times larger). 
Neither model has a simple explanation for the non-linearity seen in cases like 
hexokinase (Figs. 1 & 2) and adenosine deaminase with ethanol (Fig. 1). The 
dehydration model does not predict linearity of response nor equivalence of osmolytes 
but it requires a mechanistically implausible degree of cooperativity between water 
molecules on the enzyme surface. 

From the slopes of the lines in Fig. 1 the water changes predicted according to 
the osmotic stress hypothesis are summarised in Table 1. 


[ Enzyme/ protein | Osmolyte | n@lown | n@highn | Ref. | 
1. Hexokinase PEG8000 | 1100 | 0(0-25) [| 6 | 
2, Hexokinase ee 
3.Ad. deaminase | ethanol | _-140__| 


4.Ad.deaminase | sucrose | -3200 | ~~ | 7 
S-DNA-TyrR_ | sucrose | 1000 | - | 9 


Table I. Bound waters (n) required for substrate interaction (negative values) or 
released upon substrate binding or interaction (positive values). cf. Fig. 1. 
n= estimated moles water bound or released per mole enzyme or protein. 


The small numbers of waters calculated in the original hemoglobin and 
hexokinase studies were consistent with the known changes of structure involved. But 
the larger values in Table I, such as the predicted values for the DNA-TyrR interaction 
and the low osmolality region of the PEG8000-hexokinase system, are hard to reconcile 
with physically plausible water movements. Thus there remains room for all three 
models in the interpretation of osmolyte effects on enzymes. 

Do these phenomena have physiological relevance? Any complete analysis of 
events in cellular compartments must take into account osmolarities, protein 
concentrations and water activities. Although linked, these parameters are distinct. Each 
may contribute to changes in enzyme activity and binding behaviour under appropriate 
metabolic conditions. 
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INTRODUCTION 

In the period immediately following birth ketone bodies, produced in liver from 
endogenous fat stores or exogenous dietary lipid, become the main oxidative fuels for 
the brain, heart and peripheral tissues [1] and provide carbon for myelinogenesis to 
encase the brain and nervous system in a protective sheath [2,3]. Therefore, it is 
essential, if neural dysfunction and infant morbidity are to be avoided, that neonatal 
hepatocytes have the capacity to oxidize fatty acids, in addition to glucose, to generate 
and export ketone bodies. Despite the clear importance of neonatal ketogenesis to 
metabolic adaptation to extrauterine life, the mechanisms regulating and controlling this 
pathway in both physiological and pathological conditions are poorly understood[4,5] 
However, we do know that control over this pathway is finely tuned and regulated and 
does not lie in a single enzyme or a rate-limiting step, but lies in multiple control sites 
both extra and intrahepatic. Indeed, control over ketogenesis appears to alter markedly 
with development, nutrition and clinical status [6]. 

Surgical infants, especially those who are preterm and/or receiving long-term 
total parenteral nutrition, are at increased risk of developing sepsis. Repeated episodes 
of sepsis can result in sequential liver dysfunction/failure, multi-organ failure and, in 
extreme cases, even death. We hypothesize that pathological levels of reactive oxygen 
Species, e.g. H202, observed in such clinical infants (as a result of hypermetabolic 
response to sepsis secondary to respiratory burst by phagocytes) [7] impair ketogenesis 
and, hence, initiate the biochemical pathogenesis of liver dysfunction/failure. 

In this paper we present our preliminary in vitro metabolic control analyses and 
transmission electron microscopy studies which support our hypothesis. 


METHODS 

As the research requires invasive experiments, which cannot be performed in at- 
tisk infants, we designed an experimental in vitro model system (Fig.1). We isolated 
viable (>88%) neonatal (11d-13d) rat hepatocytes by collagenase digestion of excised 
livers and incubated the cells (3 x 10 cells in a total volume of 3 ml) for 1h at 37°C 
respiring on (1-!4C]palmitate (4uCi, 0.5mm in 2% BSA). Top-down control analysis 
was applied to the isolated neonatal rat hepatocytes to assess quantitatively the effect of 
a range (0.5mM; 1mM; 1.5mM; 2mM) of hydrogen peroxide concentrations on control 
over flux to !4C-ketone bodies by the system blocks of reactions [8]. 
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[1-14C]Palmitate 


Hepatocytic System 


Figure 1. Experimental system 
Abbreviations: KB, ketone bodies; CO,, carbon dioxide; #Ox, # oxidation 


We used transmission electron microscopy to assess gross changes in cellular 
morphology. 


RESULTS AND DISCUSSION 

Under our experimental conditions (in the absence or presence of 2mM 
(pathological levels) H202) the distribution of control, by the blocks of reactions over 
ketogenesis, is markedly altered (Fig. 2). 


1 ‘ 1 


B-oxidation HMG-CoA Cycle Krebs Cycle 
block Block Block 


Figure 2. Group flux control coefficients for the three system blocks over flux through 
ketogenesis. 
Ga , group flux control coefficient for system blocks over ketogenesis 
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In the absence of hydrogen peroxide the control exerted by the f-oxidation block was 
greater than the HMG-CoA block, however, in the presence most of the control resided 
in the ketogenic block. The Krebs cycle block of reactions exerted negligible control 
over ketogenic flux under both sets of experimental conditions. 

Electron micrographs of hepatocytes from control incubations in the absence of 
2mM H202 demonstrated normal inner and outer mitochondrial membranes and 
cellular morphology (Fig.3). In hepatocytes which had been exposed to 2mM H?202 the 
cellular architecture was disrupted with cell wall blebbing. Mitochondria from treated 
hepatocytes demonstrated structural heterogeneity and were significantly swollen with 
loss of cristae structure. Such severe changes in mitochondria would not be inconsistent 
with impaired ketogenesis. A population of damaged mitochondria was intermixed with 
intatt ones. The presence of morphologically normal mitochondria in the treated cells 
may indicate that the hepatocyctes contain a mixed population of damaged and 
hyperfunctional mitochondria seen in in vivo models of sepsis [9]. These TEM data, 
errors, suggest that our in vitro model of sepsis approximates in vivo conditions. 


x 6000 to a scale 1pm - Sum 


Figure 3. Transmission electron micrograph of control or 2mM H,0, treated 
hepatocytes isolated from neonatal rats 


CONCLUSION 

Our in vitro studies suggest that pathological levels of H2O2 have the potential 
to: (i) impair mitochondrial ketogenesis directly; (ii) disrupt metabolic control; (iii) 
damage cellular morphology and, therefore, (iv) initiate the biochemical pathogenesis of 
liver dysfunction associated with long-term total parenteral nutrition and/or sepsis in 
surgical neonates. 
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INTRODUCTION 

Although fatty acids have been known for a long time to cause uncoupling in 
mitochondria [1], the mechanism through which this action occurs is still not fully 
understood. Several proteins have been suggested to be involved in this process 
including the uncoupling protein (UCP1), the adenine nucleotide translocator and two 
recently identified UCP 1-related proteins: UCP2 and UCP3. 

In order to investigate the effect of membrane potential (Ay) on the uncoupling 
action of fatty acids, two types of mitochondria - from BAT and liver - and two methods 
of uncoupling - GDP omission and FCCP addition - were selected. Due to the presence 
of UCP1 in BAT mitochondria, purine nucleotides are required for the formation of a 
high membrane potential. By decreasing the nucleotide concentration, Ay can be 
lowered in these mitochondria in a pseudo-physiological manner and the effect of this 
on the fatty acid dose-response curve can be examined. By the use of an exogenous 
uncoupler (FCCP), Ay can be altered in both types of mitochondria and in this way a 
distinction between UCP !1-related and Av-related effects can be made. 


MATERIALS AND METHODS : 
Mitochondria were prepared from BAT and liver principally as described by 
Cannon and Lindberg [2] from adult female Sprague-Dawley rats which had been 
acclimated (one rat per cage) to 4°C (6h light, 18 h dark) for 3 weeks. The rats had free 
access to food and water. Briefly, liver and BAT (pooled from the interscapular, 
periaortic, axillary and cervical deposits) was dissected out and homogenised in 40 ml 
of a 250 mM sucrose solution, filtered through gauze and centrifuged at 8500 x g for 10 
mins. The pellet was resuspended in sucrose and centrifuged at 800 x g for 10 mins. 
The resulting supernatant was then centrifuged at 8500 x g for 10 mins and the resulting 
pellet was resuspended in 100 mM KCI + 20 mM Tris (pH 7.2) + 0.2% fatty-acid-free 
bovine serum albumin. After recentrifugation at 8500 x g for 10 min, the mitochondria 
were further washed and resuspended in KCI/Tris (without albumin). The 
mitochondrial protein concentration was measured with the fluorescamine method 
(Fluram from Fluka) and the suspension diluted to a stock concentration of 20 mg.mlI". 
Membrane potential was monitored with the cationic, fluorescent dye 
Rhodamine 123, using the dual-wavelength mode (516 - 495 nm) on an Aminco DW-2 
spectrophotometer. Membrane potential was calculated using the Nemst equation. [K*],, 
was calculated from calibration curves using a method similar to that used by 


Nedergaard [3]. . re 
All assays were conducted at 37°C in a medium consisting of 125 mM sucrose, 
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20 mM This (pH 7.2), 2 mM MgCl,, 1 mM EDTA, 0.1% fatty-acid-free bovine serum 
albumin, 4 mM KPi, 5 uM rotenone, 0.6 »M Rhodamine 123 and 5 mM succinate 
(liver) or a-glycerophosphate (BAT). 

The free concentration of oleate was calculated using the equation from Richieri 
et al. [4] for the binding of oleate to bovine serum albumin: 
[FFA] = 6.5 v - 0.19 + 0.13 e'*” where wv is the ratio of oleate to albumin. The 
molecular weight of albumin was taken as 60,000. 

All data is expressed as means of 3 experiments. 


RESULTS AND DISCUSSION 


In liver mitochondria, alterations in the concentration of GDP had only a minor 
effect on Ay (Table 1). The change in Aw induced by a given concentration of oleate 
was also similar despite changes in the GDP concentration (Fig. 1). In BAT 
mitochondria, as expected, Ay decreased as the GDP concentration was lowered (Table 
1). In these mitochondria (Fig. 2), the change in Aw due to the addition of each 
concentration of oleate was nucleotide concentration dependent. Some of the decreased 


response to a given concentration of oleate could be due to interaction of the fatty acid 
with the oxidative system. 


Concentration Liver 


GDP (mM) 


Table 1: Basal Ay of BAT and liver mitochondria in the presence of varying 
concentrations of GDP and FCCP. 


Liver mitochondria were partially uncoupled by the addition of FCCP, as they were not 
when GDP concentrations were altered (Table 1). At higher concentrations of FCCP, the 
change in Ay due to a given concentration of oleate was greater, indicating that the 
uncoupling ability of oleate had also increased (Fig. 3). In BAT mitochondria however, 
as Ay was decreased by the addition of FCCP (Table 1), the effect of oleate appeared to 
be unchanged (Fig. 4). Thus, in both types of mitochondria, the results were the 

Opposite to those seen when Aw was altered by changing the GDP concentration. 
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Figure 1: Effect on the oleate-induced Figure 2: Effect on the oleate-induced 
uncoupling of liver mitochondria of uncoupling of BAT mitochondria by 
different concentrations of GDP. decrease of Ay via removal of GDP. 
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Figure 3: Effect on the oleate-induced Figure 4: Effect on the oleate-induced 
uncoupling of liver mitochondria of uncoupling of BAT mitochondria of 
lowering y by addition of an exogenous lowering Ay by addition of an exogenous 
uncoupler FCCP. GDP = 1 mM. uncoupler FCCP. GDP = | mM. 
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In the present investigation, we have examined whether the uncoupling effect of 
fatty acids was dependent on the Ay. We found that the sensitivity of BAT and liver 
mitochondria to fatty acids was different and that in BAT mitochondria this-sensitivity 
also depended on the method used to alter Ay. Thus, it is likely that different 


mechanisms are involved in the uncoupling effect of fatty acids under the different 
conditions. 
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INTRODUCTION 

In many cells, the information provided by external stimuli, either electrical, 
hormonal, photochemical, or mechanical, is conveyed within the cytoplasm by Ca2+ 
signals that take the form of Ca2+ oscillations and waves [1]. The information is 
encoded by the spatiotemporal organization of these signals (frequency, amplitude, 
etc...) and determines the subsequent cellular responses (AM or/and FM calcium 
signalling) [2, 3]. The main mechanism underlying the organization of the cytosolic 
Ca2+ signals is autocatalytic and termed "Ca2+-induced Ca2* release" (CICR) [1,4,5]. 
The CICR machinery is usually identified with the sole endoplasmic reticulum (ER), 
and thought to rely principally on Ca2+-activable Ca2+ channels of the ER membrane, 
i.e., the inositol 1,4,5-trisphosphate (IP3) and ryanodine receptors (repectively IP3R and 
RyR) [1,4,5]. However, when Ca2+ js released from the ER at locally high 
concentration, the neighbouring mitochondria take up some of it [6]. This results in a 
modification of the spatiotemporal organization of the Ca2+ signals [7, 8, 9]. We have 
shown that a Ca2+-induced calcium release can also be evidenced in mitochondria 
(mCICR) and that it contributes to the cytosolic Ca2* raise [10,11]. This 
mechansimdepends on the transient opening of the PTP by mitochondrial Ca2+ uptake 
which and results in Ca2+ spikes (10) and oscillations [13, 14] in vitro. . 

We have already presented a theoretical analysis of mCICR providing direct 
information on the mitochondrial determinants of mCICR [15, 16]. We based our 
mathematical model on the following observations: (i) extra-mitochondrial Ca2+ js 
taken-up electrophoretically by mitochondria through the ruthenium red-sensitive Ca2t 
uniporter [17], (ii) mitochondrial Ca2+ uptake causes a transitory drop in AY that 
results in respiration activation [17], (iii) activation of respiration, which corresponds to 
an increased Ht extrusion, results in the akalinization of the mitochondrial matrix [17], 
(iv) matrix alcalinization activates the PTP [18], and thus triggers various ion fluxes - 
among those, Ca2+ efflux - according to their electrochemical potential, (v) PTP 
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activation also causes a relative respiration inhibition [13] that contributes to matrix 
acidification, (vi) matrix acidification inactivates the PTP [18]. The sequence of these 
events is described in Fig. 1. 


Ca** uptake 
Decrease o Increase of 
membran¢g potential membrane potential 
Acceleration of Acceleration of 
tespjration respiration 


Matrix alcalinization 


Opening of the Closure of the 


Permeability Transition Pore Permeability Transition Pore 


Influx of protons 
Efflux of anions 


Inhibition of respiration 


Decrease o 
membrane potential 


Ca?*release 


Figure 1. Sequence of events leading to mCICR. 


We showed that two factors are crucial to account for the various mCICR profiles that 
can be observed experimentally : (i) the dependence of PTP opening and closure on 
matrix pH (pHi), and (ii) the relative inhibition of the respiratory rate after PTP opening. 
These two factors are dependent upon three parameters in the model : kAH, PAn and 
PA. Fig. 2 gives a schematic description of the model components. 


Figure 2. Schematic representation of the model components. 
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During mCICR, the electroneutral flux of weak organic acids, ice., principally 
succinate under the reference in vitro conditions [10,13], allows the recovery of pHj 
after Ht respiratory efflux, due to the dissociation of the transported acids inside the 
matrix according to the equation : Japy= kAHx(Hin- Hout) where we set Hout to 
0.1.M (pH=7). 

PAn is the permeability of anion through the opened PTP. It allows a rapid 
efflux of Ca2+ by charges compensation. We have considered anion concentration, 
inside as well as outside, as a constant An= 10 mM. In these conditions, the flux of 


anions through the PTP is described by the equation : Jy, =—P,, T? AY An [16]. 

It was shown that the respiration rate undergoes a relative inhibition consecutive 
to PTP opening, while A'Y is decreased [19]. The factor, which induces this inhibition is 
still unknown. We supposed in the model the existence of an activator of respiration, 
such that the respiration rate is proportional to its intra-mitochondrial concentration. We 
further assumed that the relative inhibition of respiration during PTP opening is due to 
the efflux of activator through the opened PTP. The efflux of activator (J4) is 
proportional to its relative amount inside mitochondria, and to the PTP opening state: 
Ja =P, x[T?]* [A] 

In this study, the permeability coefficient P, is set to 100min-!. 

The production of activator (VA) is supposed to be dependent on the relative 
amount of activator inside mitochondria (between 0 and 1). The production is stopped 
when the activator concentration reaches the relative maximal level of 1 and it linearly 
increases when the concentration decreases: 

V,=k, x(1—A) where ka is a constant set to 0.3 min"!, 

In this short paper we have studied the different patterns of calcium movements 
when two of these three parameters are varied : kAH and PAn. Pa is set to 100 min7!, 
The other equations of the model, particularly the differential equations are described in 
16. 


RESULTS AND DISCUSSION 

Fig. 3 describes all the behaviours that are observed when kAH and PAn are 
varied and Fig. 4 gives some examples of these behaviours after a 33 1M calcium pulse, 
following the path indicated in Fig. 3, with mainly a variation of PAn. In case (I), kAH 
is great and changes in pHj are rapidely compensated by the electroneutral flux of AH 
and thus PTP does not open. For PTP to open, KAH has to be decreased (Fig. 4, (II)); in 
this case, Ca2+ efflux is rather low and all Ca2+ can be reaccumulated. When Ca2+ 
efflux is larger as a consequence of PAn increase, (Fig. 4 (III), during the re-uptake 
phase, the pH j threshold of PTP opening is reached once again, and a second smaller 
spike is observed with then, a complete re-uptake similar to the one of Fig. 4 (II). As 
PAn is further increased damped oscillations (Fig. 4 (IV)) and then sustained 
oscillations (Fig4. (V)) are observed. 

Finally, a larger increase in PAn value lead to a very rapid Ca2+ efflux with a 
big change in pH n which can no longer be compensated and the PTP remains open 
causing a complete and irreversible Ca2t+ efflux (Fig4. (VI). 

Fig. 4 describes all the behaviours that can be observed in this system. This 
shows that our two hypotheses of (i) PTP opening in a low conductance mode [11], 
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triggered by pH j and (ii) the inhibition of respiration when the PTP opens as 
experimentally observed are enough to account for all the behaviours experimentally 
observed. 

A complete exploration according ro the variation of kAH{ and PAn and Pa is 
under way in our laboratory. 
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Figure 3. Different type of behaviours of calcium movements through mitochondrial 
pecmabrane as a function of the parameters kAH and PAn. Pa is set constant at 100min" 
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Figure 4. Some examples of the different type of behaviours of calcium movements 
through mitochondrial membrane after a 33 M calcium pulse. The numbers of the 
different Fig. 4 correspond to the same numbers on the path of Fig. 3, with the 
corresponding values of the parameters. 
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INTRODUCTION 

Because skeletal muscle’s primary function is contraction, it is most likely that 
this does not occur at constant volume. Additionally, the energy for contraction is 
provided directly by ATP-hydrolysis and indirectly by oxidative phosphorylation: 
therefore it is most likely that osmolality in the muscle fibre does not remain constant. 
Taking both arguments together one has good reasons to suppose that skeletal muscle 
fibres possess means to cope with volume and osmolality variations. It is now 
sufficiently clear that mammalian skeletal muscle fibres possess an electroneutral 
Na/K/2Cl cotransport system in the membrane importing Cl- energised by the Nat- 
gradient!. In other cellular systems this import-mechanism is directly related with the 
volume regulatory increase, occurring after cell shrinkage in reaction to hypertonic 
media. 

A peculiarity of skeletal muscle fibres is that the chloride permeability (PC}) is 
extremely high, promoting equilibration of Cl- across the cell membrane. This couple, 
electroneutral Cl- import and electrogenic Cl efflux, makes that in the cell Cl- is 
slightly out of equilibrium: Ec] = (RT/F)In(Clj/Clo) = - 70.5 mV and Vm = - 74 mV. 

Being the only major permeable anion, chloride can provide osmotic strength 
additional to the impermeable anions in the cell. For each excess chloride ion 
electroneutrality condition will always provide an additional cation. So, whereas under 
isotonic conditions Clj is low (about 9-10 mM), in hypertonic situations additional 
osmotic strength will be provided by increase in Clj. If the import through the 
cotransporter is the only way of "up-hill" transport one can study the control of this 
mechanism by blocking the cotransporter by using the specific blocker bumetanide. 

Blocking the import will unveil the influence of chloride-handling by these two 
transport systems: import by the Na/K/2C] cotransporter and electrogenic efflux through 
chloride channels. We measured the influence of bumetanide electrophysiologically in 
mouse skeletal muscle between 270 and 344 mOsm, the (patho)physiologically range 
found in mammals. From this response one can deduce the change in intracellular 
chloride concentration and consequently the osmolality. 

These data and information published earlier we shall use to estimate how 
chloride controls or regulates intracellular osmolality. 


MATERIALS AND METHODS 

Measurements were made in Krebs-Henseleit solutions, with intracellular 
microelectrodes. For a more detailed description of materials and methods one is 
referred to the contribution of Geukes Foppen et al. in this volume. 
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Hypotonicity was obtained by leaving out small amounts of NaCl (total 12.5 
mM), thus reducing the activities of Na and Cl to values still much higher than the half- 
maximal values of the cotransporter. Hypertonicity was obtained by adding the 


impermeable and uncharged PolyEthyleneGlycol (MW 400): PEG 400. Bumetanide was 
used in the concentration of 75 uM. 


RESULTS 
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In the Figure the hyperpolarizations induced by bumetanide are presented as a 
function of the relative osmolality. Apparently at 270 mOsm the induced 
hyperpolarization is vanishing and we took this value as 1.0. To ascertain that this is not 
due the reduction of NaCl in the medium, we added to this hypotonic solution 20 mOsm 
PEG 400 and obtained in this special 290 mOsm-solution the same bumetanide induced 
hyperpolarization as in the normal control medium. 

A problem arising at osmolalities higher than 360 mOsm, was that the cell did 
not survive such high osmolalities and bumetanide. The membrane potential decreased 
to about - 45 mV, responses disappeared and, on microscopical examination, the cell 
appeared to die. 


DISCUSSION 

From the graph one can calculate the contro] of the cotransporter on the 
membrane potential, the intracellular chloride concentration and the power of the cell to 
cope with osmotic and/or volume changes. 

Evaluating from the slope of the membrane potential as function of the 
osmolality the control value gives: 
(AVm/AOsm )(Osm/Vm) = - 0.61 
Vm can be written!,2 expressed as a sum of the contribution of the three major ions 
each weighted with their own weight: 
Vm = tKEK + tCJEC] + tNaENa = 0.368EK + 0.611EC] + 0.021ENa 
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As accumulation of cations leads to more negative values of their equilibrium potentials, 
the minimal change in Ec] one obtains on taking the relative contribution of chloride as 
the transport number tcj (= 61 %) time Vm: 

(AEC}/AOsm)(Osm/Ec}) = - 1.00 

Because Ec; is a logarithmic transform of Clj, linearity is not preserved over the total 
range and the change in Clj is solved by adjusting Clj = Clpexp{Ec)F/0.611RT) to make 
Vm fit the experimentally found value: -61.7 mV for 344 mOsm. This gives an increase 
in Clj of approximately 10 mM (i.e. doubling of the concentration). To compensate 
charge the cation concentration should increase equally. Close scrutiny of the 
dependence of Vm on the two other terms, learn that their influences are small. If all 
cations would be K+ the value Ki would increase from 150 mM to 160 mM and Ex 
would increase - 1.7 mV of which would be observed 1 mV in Vp. If all cations would 
be Nat then Nai rises from 14 to 24 mM and Eng would become 14.2 mV more 
negative, but due to the small transport number (tna) Vm would hyperpolarize only 0.3 
mV. 

This rough calculation shows that only 20 mOsm can be explained by this 
analysis starting with the change in Vm from - 74 mV to - 61 mV. One can also invert 
the analysis: to cope with the increase in medium osmolality, from 290 to 344 mOsm, 
Cl; must increase 27 mM, leading to a depolarisation of Ec; to - 28 mV and of Vp to - 
51 mV. This last value is much lower than what was found experimentally. So, we 
conclude that this mechanism can not explain straightforward the response of Vm to 
hypertonic solutions. The differences are too large to be bridged by introducing 
correction terms such as activity coefficients. The transport number tc; used here is low 
compared with values, as is suggested by others. Introducing such values would have 
reduced the amount of intracellular osmolality compensation that can be explained. 

Now we can return to the original question: "Is the cotransporter designed for 
osmoregulation in this tissue?" To be safe one can answer: "If it should be answered 
"yes", it functions poorly, because it can explain only 50 % or less." One should keep in 
mind that membrane potentials are related to concentration gradients and not to amounts 
of ions in the cell; so a concomitant cell shrinkage does not change the analysis 
presented here. 

However, the observation, that beyond 360 mOsm hypertonicity and bumetanide 
killed the cell, demonstrates that the cotransporter serves a vital role, at least in 
hypertonic media. In the presentation by Geukes Foppen et al. we suggest that the high 
value op Pc; is necessary for conservation of the t-tubules in the fibres. Such 
explanation and this analysis would put in perspective experiments with shocks of high 
osmotic strength3, that lead to rupture of the t-tubules. So, the proper function of the t- 


tubule might be the regulated entity instead of the volume or osmolality of the muscle 
fibre itself. 
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INTRODUCTION 

Investigations during last decades have elucidated the chemistry and the basic 
control mechanisms of the photosynthetic carbon metabolism. The sequence and 
compartmentalization of partial reactions as well as mechanisms of the intracellular 
transport of metabolites have become clear. The main subsystems involved in 
photosynthetic carbon metabolism are the reductive pentose phosphate cycle (Calvin 
cycle), the glycolate cycle and pathways of end product synthesis including reactions of 
respiration (glycolysis and the tricarboxylic acid cycle). 

Biochemical knowledge in this field has been obtained, in its major part on the 
subcellular level and by means of model systems, i.e. in vitro. As to quantitative 
biochemical studies on the level of the integrated photosynthetic apparatus, intact leaf in 
vivo, these are less advanced. In this report we present a method for the determination of 
carbon fluxes and pool sizes of metabolites involved in photosynthetic carbon 
metabolism on the level of intact plant leaf. The method is based on the interpretation 
analysis of the kinetics of 'C incorporation into the products of steady-state 
photosynthesis of leaves in the medium of “CO,. The application of the method is 
illustrated by the results of an experiment with leaves of barley. 


METHODS a 

Young leaves of barley were placed into leaf chamber [1] and illuminated until 
the steady rate of CO, fixation was achieved. After that the leaves were exposed to 
“CO, (300 L/L) for different time intervals ranging from 5 s to 10 min. Exposures 
were performed under saturating light at 25°C. After the exposure leaves were killed in 
liquid nitrogen. Labeled photosynthates were extracted with perchloric acid and 
separated by paper chromatography combined with additional separation of 
phosphorylated compounds in Partisil columns and amino acids with automatic analyzer 
AAA 339 (Mikrotechna, Czech Republic). Radioactivity of indivedal compounds was 
determined and plotted against the duration of exposure to’CO,. The radioactivity of 
compounds was expressed in absolute (ug-atom C.m”) and in relative (per cent total 
radioactivity fixed by leaves) units. 

Principally the experimental kinetic curves contain the information about rates of 
carbon fluxes and pool sizes of metabolites studied. To extract this information the 
following three-step procedure was used. ; 

Choice of the model of subsystem under investigation. The model must embrace, 
in a generalized form, all the information available concerning the structure of the 
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system, pathways of synthesis and conversion of metabolites involved. The qualitative 
knowledge is an inevitable prerequisite for quantification. 

Derivation of analytical functions P(t) = f(t, c,, R,), which theoretically describe the 
dependence of radioactivity P(t) of the model components upon the duration of tracer 
feeding t. Parameters of the functions must represent pool sizes c, and carbon fluxes R,, 
i.e. the values to be determined. 

Determination of the values of parameters c; and R, by fitting functions P(t) to 
experimental kinetic curves by means of nonlinear regression procedure. Degree of 


coincidence of theoretical and experimental data shows the adequacy of the model 
adopted. 


RESULTS AND DISCUSSION 

The procedure above was applied at quantitative description of different 
subsystems of the photosynthetic metabolism. Results of the analysis of kinetic data in 
an experiment with barley leaves are shown in Table 1 and Fig. 1. 


Table 1. THE RATES OF CARBON FLUXES IN THE REACTION SYSTEM OF 
PHOTOSYNTHETIC CARBON METABOLISM IN LEAVES OF BARLEY 

The data represent mean values of the rates derived from analysis of the curves of 
absolute and relative radioactivity. 


Per cent 
Carbon fluxes pg-atom C.m?.s™ true 
photosynthesis 

True photosynthesis 14.76 +0,74 
Carbon flux through the glycolate cycle 7,38 2,07 50,0 
Decarboxylation of glycine 

calculated 1,85 +0,52 12,5 

measured 2,27 +0,09 16,2 
Synthesis of 

malate 0,33 +0,02 2,2 

aspartate 0,04 +0,01 0,3 

alanine 0,12 +0,01 0,8 
Accumulation of 

sucrose 10,67 +0,22 a2 5 

starch 1,04 40,03 7,0 

glucose and fructose 0,23 +0,01 1,5 

malate 0,10 +0,01 0,7 

CO, of photorespiration 1,89 +0,05 12,8 

other compounds 0,49 +0,04 3,4 
End products of photosynthesis — total 14,42 40,23 97,6 
Decarboxylation of malate 

calculated 0,23 40,03 1,5 

measured 0,21 +0,06 1,4 
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assimilation in barley leaves.Circles represent the experimental values. Solid lines 
are theoretical functions derived from models and fitted to experimental data. 


Dashed lines show the calculated kinetics of Kc incorporation into different pools 
of respective metabolites. 
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The model used in the calculations of the glycolate cycle [2] presumes that 
intermediates of the cycle (glycolate, glycine, serine) have two metabolic pools with 
different labeling kinetics: active pools with rapid turnover in organellae (peroxisomes 
and mitochondria) and less mobile pools in the cytosol (Fig. 1). At steady state 
photosynthesis these pools are in diffusional equilibrium. Using this model the rate of 
carbon flux through the glycolate cycle and the rate of glycine decarboxylation in this 
cycle were calculated. The results were compared with direct measurements of 
photorespiratory decarboxylation of primary photosynthates by means of a 
radiogasometric method [3]. Calculated and measured rates of glycine decarboxylation 
coincide in the limits of experimental deviations (Table 1). 

Two-pool model was used also in the analysis of the labeling kinetics of C,- and 
C,-acids (malate, aspartate, and alanine) [4]. The model presumes the existence of active 
pools of these compounds localized in cytosol and organellae, and vacuolar pools with 
the kinetics of end product labeling. According to the two-pool model of malate 
tumover the kinetics of its labeling was divided into three components describing (I) the 
incorporation of 'C into C-4 atom of malate molecule, (II) incorporation of “C from 
triose phosphates into C-1, C-2 and C-3 atoms of malate and (III) accumulation of 
malate as an end product of photosynthesis (dashed lines in Fig. 1). Using the non-linear 
regression procedure the model was fitted to the experimental data and the components 
of malate tumover were calculated. The results in Table 1 demonstrate that rate of 
synthesis of malate exceeds that of its accumulation. The difference of these rates may 
be regarded as the rate of decarboxylation malate in the reactions of glycolysis and 
Krebs cycle. The calculated value of decarboxylation is in good agreement with the 
result of direct measurement of respiratory decarboxylation (Table 1). 

Table 1 shows the rates of accumulation also for other products of 
photosynthesis. The labeling kinetics of sucrose and starch is plotted in Fig. 1. The total 
rate of carbon accumulation in the end products of photosynthesis is approximately 
equal to the rate of true photosynthesis, the fact confirming the validity of kinetic 
calculations. 
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INTRODUCTION 


By focusing on the thermodynamic relationships between adenine and pyridine 
nucleotides, two of the most important components of the energy transforming 
mechanisms in the cell, the issue of free pools may be considered [1-3]. Indeed, free 
pyridine nucleotide ratio are widely accepted to be a marker of the reducing or oxidising 
power of these nucleotides and ATP/ADP ratio via phosphate potential is a marker of 
the energy status of the cell. However, both free and bound forms of the pyridine 
nucleotides are essential reagents in dehydrogenase reactions. The thermodynamics is 
determined by free nucleotides while the velocity is determined by bound forms [4]. 
Moreover, for a given amount of nucleotides, bound and free pools are interconnected. 

We have previously reported that at steady state and in isolated hepatocytes, 
nicotinamide nucleotide content is increased by a rise in the ATP content of the whole 
cell under physiological conditions [5]. It is a straight line relationship when only ATP 
and NAD* are considered. Moreover, when regarding the compartmentation of this 
phenomenon, it appears that the linear relationship between ATP and NAD” occurs only 
in the cytosol. 

The purpose of the present work was to investigate whether such a dependence 
could be a supplementary mechanism of regulation between various metabolic pathways 
in the liver cell. Thus, we increased the NAD* content of isolated hepatocytes by the use 
of nicotinamide, one of NAD+ precursors and investigated the influence of this increase 
on both glycolysis and neoglucogenesis. For this study, we used either 
dihydroxyacetone whose metabolism is mainly controlled by ATP/ADP ratio or 
glycerol whose metabolism is mainly controlled by cytosolic redox state [6]. We show 
that with glycerol as substrate, when considering substrate consumption flux, the rate of 
glycolysis and neoglucogenesis, it appears that the main influence of an increase in the 
NAD* content of the liver cell lies at the level of cytosolic glycerol-3-phosphate 
dehydrogenase. 


MATERIAL AND METHODS 


Preparation and perifusion of hepatocytes 

Hepatocytes from male Wistar rats starved overnight were isolated by the 
collagenase method of Berry and Friend [7] as modified by Groen et al. (8). 
Liver cells (20-30mg/ml) were perifused by the method of van der Meer and Tager [9] 
as modified by Groen et al.[10]. Hepatocytes were perifused at 37°C at a flow rate of 
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5ml/min with continuously gassed Krebs-bicarbonate buffer pH 7.4, saturated with 
02/CO2 (19:1) and containing 1.3mM calcium. Cells were continuously perifused with 
either 10mM dihydroxyacetone or 5mM glycerol and nicotinamide SmM was perifused 
as indicated in the figures. Samples of perifusate were taken at the time indicated on the 
figures for subsequent determination of glucose, lactate and pyruvate. Proteins in the 
perifusate were denatured by heating the samples at 80°C for 10 min before 
centrifugation [11]. Cellular content was separated from the extra cellular medium by 
centrifugation of the cell suspension through a layer of silicone oil as described 
previously[10]. 


Measurements of adenine nucleotides and NADt 

Adenine nucleotides and NAD* were measured in neutralised HC1O4 extracts 
[12]. ATP, ADP and AMP were measured by HPLC using a reverse phase (Spherisorb, 
ODS II, 54M) column (0.46x25 cm) at 30°C. Elution was performed with a 25mM 
sodium pyrophosphate/ pyrophosphoric acid buffer (pH 5.75) at a flow rate of 1.2 
ml/min. Adenine nucleotide detection was performed at 254 nm. NAD* determination 
was performed fluorimetrically with alcohol dehydrogenase as described in [13]. 


Metabolite determination 

Glucose, lactate and pyruvate were measured spectrophotometrically as 
described in Bergmeyer [14]. Dihydroxyacetone phosphate and glycerol-3-phosphate 
were measured fluorimetrically as described in Bergmeyer [14]. 


RESULTS AND DISCUSSION 

We have previously shown that in addition to their relationships in terms of 
potential (i.e. thermodynamic relationships), nicotinamide and adenine nucleotides can 
be linked in terms of concentration [5]. There is a linear relationship in isolated 
hepatocytes between [ATP] and [NAD*], however the ATP content of the cell is 
manipulated (i.e. various cellular substrates, respiratory chain uncoupling or inhibition). 
Moreover, we have shown that this relation between ATP and NAD* is cytosolic. Here, 
we investigate whether this could be a new way to regulate the metabolism. To answer 
this question, we have increased the NAD* content of isolated hepatocytes by way of 
one of its precursors and measured its metabolic consequences on the fluxes through 
glycolysis and neoglucogenesis. 

When Glycerol (5mM) is used as substrate, the perifusion of 5mM nicotinamide 
inducing an increase in the total NAD* content of the cell (Fig. 1a) slightly stimulates 
glycolysis and inhibits neoglucogenesis (Fig. 1b). This occurs in such a way that the 
glycerol consumption flux is drastically inhibited by an increase in the NAD* content of 
the cell (Fig. 1b). Moreover, when DHA (10mM) is used as substrate, the perifusion of 
5mM nicotinamide inducing an increase in the NAD* content of the cell induces a 
reorientation of DHA metabolism : glycolysis is stimulated whereas neoglucogenesis is 
inhibited (not shown). However this occurs in such a way that DHA consumption flux is 
unaffected (Fig. 1b). 
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Figure 1: Perifusion of isolated hepatocytes in the presence or absence of nicotinamide. 
(a) Increase in NAD” content induced by nicotinamide addition to isolated hepatocytes 
perifused with 5mM glycerol. Nicotinamide was added as indicated on the figure. (b) 


Substrate consumption flux (glycerol A DHA A) and flux through glycolysis : 


lactate+pyruvate (@) and neoglucogenesis : glucose (O) with 5 mM glycerol as 
substrate. Nicotinamide was added as indicated on the figure. 


These flux modifications occur without any significant change in either cellular 
ATP/ADP ratio or cytosolic redox potential (i.e. lactate/pyruvate ratio which is an 
indicator of free nicotinamide adenine nucleotide ratio in the cytosol assessed by the 
lactic dehydrogenase near-equilibrium, see figure 2a). This tends to show that such flux 
variations are linked to the increase in the NAD” content of the liver cell. Substrate 
consumption flux is inhibited only when glycerol is used as substrate whereas DHA 
consumption flux is two times higher than glycerol consumption flux. Moreover, 
considering that the difference between DHA and glycerol metabolism lies at the level 
of glycerol-3-phosphate dehydrogenase, the inhibition of glycerol consumption flux 
could be linked to an inhibition at the level of this enzyme. This is indeed reflected by 
an increase in both  glycerol-3-phosphate concentration and __ glycerol-3- 
phosphate/dihydroxyacetone phosphate ratio when the NAD* concentration of the cell 
increases (Fig. 2b). 
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Figure 2: (a) Cellular ATP/ADP ratio (@) and cytosolic lactate/pyruvate ratio (O) 
when hepatocytes are perifused with SmM glycerol as substrate and in the presence or 
absence of 5 mM nicotinamide. (b) Glycerol-3-phosphate concentration (@) and 
G3P/DHAP ratio (O )when hepatocytes are perifused with 5mM glycerol as substrate 
and in the presence or absence of 5 mM nicotinamide. Cellular content was separated as 
described in Material and Methods section, glycerol-3-phosphate (G3P or glycerol-3-P) 
and dihydroxyacetone phosphate (dihydroxyacetone-P) were determined as described in 
Material and Methods section. 


We checked that the inhibition at the level of cytosolic glycerol-3-phosphate 
dehydrogenase was not linked to the effect of nicotinamide which induced only 10% 
inhibition of the functionally isolated enzyme at a concentration of 10mM (not shown). 
Moreover, when cytosolic glycerol-3-phosphate dehydrogenase was functionally 
isolated, it was almost insensitive to an increase in NAD” concentration in the range we 
measured in isolated hepatocytes. It could be hypothesised that when NAD" 
concentration increases, and the lactate/pyruvate ratio is constant, the total NADH 
concentration of the cell also increases, and this increase could have an inhibitory effect 
on the activity of the cytosolic glycerol-3-phosphate dehydrogenase. Experiments are in 
progress in order to assess this question. 

It should be noticed that whereas the inhibition of neoglucogenesis is indeed 
associated with an increase in the NAD* content of the cell and is suppressed when 
nicotinamide is no longer perifused thus inducing a decrease in NAD* content, the 
stimulation of glycolysis is not reversible and is maintained while the NAD* content of 
the cell decreases. This could be linked to an intermediary metabolite accumulation 
when glycolysis is stimulated. Experiments are in progress in order to assess this 
question. However, glycolysis stimulation is low compared to neoglucogenesis 
inhibition, which occurs essentially at the level of glycerol-3-phosphate dehydrogenase 
when glycerol is used as substrate. 
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CONCLUSION 

Our study of the influence of an increase in cellular NAD’ content on flux 
through glycolysis and neoglucogenesis with both dihydroxyacetone and glycerol as 
substrates indicates two distinct phenomena. Firstly, an increase in total NAD* and/or 
NADH concentration inhibits cytosolic glycerol-3-phosphate dehydrogenase, which 
explains the decrease in glycerol consumption flux. Secondly, the distribution between 
neoglucogenesis and glycolysis is affected whatever the substrate used, with a constant 
cytosolic ATP/ADP ratio and cytosolic redox potential. Experiments are under way in 
order to assess this problem. 
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INTRODUCTION 

We applied high-resolution respirometry to study the control of mitochondrial 
respiration by oxygen. In the closed respirometer chamber, oxygen is depleted by 
mitochondrial respiratory flux, and hyperbolic relationships are found between oxygen 
flux and oxygen pressure [1-4]. Hyperbolic fitting to flux/pressure plots results in the 
two parameters psq and Jmax. P50 is comparable to the apparent Michaelis-Menten- 
Constant, Ky)’, which is used for isolated enzymes [5], whereas psqg is a parameter for 
the complex system of enzymes in the mitochondrial respiratory chain. These 
parameters of steady-state kinetics should yield information about the physiological role 
of intracellular steady state oxygen levels. Application of steady-state kinetics to 
transitions in a closed system or to initial rates may be criticized when the possible 
influence of pre-steady-state transitions is ignored and therefore could lead to wrong 
interpretations [6]. The relevance of our results obtained by the measurement of aerobic- 
anoxic transitions for physiological steady state conditions is corroborated by a large 
data base and specifically designed test experiments showing the high stability of the 
kinetic parameters over a wide range of transition times in which dynamic equilibrium 
is obtained. 


METHODS 

Oxygen dependence of respiration of isolated rat liver mitochondria was studied 
in series of aerobic-anoxic transitions in the presence of rotenone (0.5 1M), succinate 
(10 mM) and ATP (1 mM), and after further addition of ADP. Mitochondrial protein 
concentrations ranged from 0.1 to 0.8 mg-cm73. The incubation medium consisted of 
200 mM sucrose, 20 mM HEPES, 0.5 mM EGTA, | g/l BSA (essentially fatty acid 
free), 3 mM MgCl), 20 mM taurine and 10 mM KH>PQO,, ~300 mosm, pH 7.1 at 30°C. 
To obtain different oxygen levels the measuring chamber was opened to allow gas 
exchange to selected levels. Alternatively reoxygenations were performed in the 
presence of catalase by the addition of hydrogen peroxide, which is immediately 
converted to oxygen. The high sensitivity of the OROBOROS oxygraph, the use of inert 
materials and special mathematical corrections provided the basis for oxygen kinetic 
measurements at correspondingly low oxygen levels [1]. Data acquisition at 1 s 
sampling intervals and data analysis were performed with the software DatLab 
(OROBOROS, Innsbruck, Austria). Volume-specific fluxes at kinetic oxygen saturation 
were always kept below an instrumental and statistical threshhold level above which 
resolution of oxygen kinetics becomes distorted [4, 7]. 
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RESULTS 


The P50 was dependent on metabolic state. Oxygen pressure at half-maximum 
respiratory activity, p5Q, increased from 0.02 kPa (0.2 uM, 0.15 Torr) in the passive 
state without ADP, up to 0.06 kPa (0.6 uM, 0.45 Torr) in the active state after the 
addition of ADP (Fig. 1, [4]). Jmax increased proportional to mitochondrial protein 
concentration. The transition time between kinetic oxygen saturation at 1.1 kPa and 
anoxia varied as a function of metabolic state and mitochondrial density. P50 was 
independent of transition time in any metabolic state (Fig. 1). 
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Figure 1. Oxygen pressure at half-maximum respiration, p59, was independent of the 
transition time, the time until oxygen pressure declined from 1.1 kPa to zero. Squares 
show mitochondria respiring in the presence of ATP without ADP, circles represent 
highly active mitochondria after the addition of 1 mM ADP. Lines show the 95% 
confidence interval. 


The change of respiratory capacity with time (Fig. 2) was small compared to the 
oxygen dependent change of respiratory flux during aerobic-anoxic transitions and 
therefore did not exert any distorting effect on the calculation of oxygen affinities. 
Respiratory activity declined when incubation times extended up to 2.5 h (Fig. 2). 
Dependent on the oxygen levels after reoxygenations and the presence or absence of 
catalase, differences in the loss of respiratory activity were observed. Preliminary 
experiments indicated that permanent exposure to unphysiological high oxygen (> 80 
uM) results in a more severe decline than incubation at lower oxygen levels with short 
intermittent intervals of anoxia. High initial oxygen levels resulted in a slightly higher 
respiratory flux compared to reoxygenations to low pqQ,, but led to a more severe 
decline in respiration during extended incubation periods. Addition of cytochrome c 
restored part of the initial respiration. Uncoupling with FCCP led to a further increase of 
the respiratory rate. 
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Figure 2. Respiratory flux at kinetic oxygen saturation, JQ,, is shown as a function of 
incubation time in the measuring chamber. Rat liver mitochondria were respiring in the 
presence of succinate, ATP and ADP. In series of aerobic-anoxic transitions (circles and 
squares) reoxygenations were performed to low (<25 4M, open symbols) or high 
oxygen levels (>25 uM, closed symbols) or the oxygen concentration was always kept 
above 80 uM (downward triangles). The presence of catalase (circles) and low oxygen 
levels improved preservation of respiratory rate. Non-linear fits combine experiments 
with identical conditions. Addition of 10 4M cytochrome c (opened upward triangles) 
partly restored the initial respiration. A further increase of the respiratory rate was 
obtained after uncoupling by 2 14M FCCP (closed upward triangles). 


DISCUSSION 

The importance of oxygen in the regulation of mitochondrial activity becomes 
obvious when our ps5q values are compared to average po, levels in the intracellular 
microenvironment of tissues. Contrary results or non-hyperbolic relations [8—10] are 
most probably due to instrumental artefacts. Especially in active states at high ADP 
concentration, when the oxygen affinity, 1/p59, decreases compared to resting states 
without ADP, the regulating role of oxygen must not be underestimated. For heart an 
average intracellular po, of ~ 0.3 kPa (c. 1 to 2% of air saturation) is obtained from 
measurement of oxygen saturation of myoglobin. [10, 11]. Under these conditions 
mitochondria work at 70 to 90% of their maximum capacity [3, 4]. Therefore limitations 
in oxygen supply to mitochondria are of major importance, especially under 
pathological conditions, e.g. in case of mitochondrial disorders or loss of functional 
enzyme during aging [7]. 

The rapid adaptation of mitochondrial function to altered metabolic conditions 
and the stability of our kinetic parameters, p5¢q and Jmax, over a range of transition 
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times, .confirm the physiological relevance of our oxygen kinetic measurements 
(compare Refs. [12, 13]). 

The significant decline of the initial respiratory rate observed during prolonged 

incubation may be due to suboptimal incubation conditions and temperature, and 
damaging effects of high oxygen [14, 15]. Part of the irreversible decline with 
incubation time could be explained by cytochrome c release, resulting from disruption 
of the outer mitochondrial membrane. The elevation of respiratory flux after uncoupling 
indicates a defect of the phosphorylation system, including ATP-synthase and adenylate 
translocase. 
Most bioenergetic studies are performed at nonphysiological high po,, whereby the 
influence of oxidative stress is frequently ignored. A compromise of sufficient support 
with oxygen for the production of high energy phosphates and a restriction of the 
production of oxygen radicals is made by the maintenance of low intracellular oxygen 
levels. Protective effects of low oxygen and added catalase might explain the higher 
stability of the respiratory rate. 
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INTRODUCTION 


Normal liver, when exposed to a constant concentration of lactate, maintains a 
steady [lactate]/[pyruvate] ratio which, if perturbed by further addition of a bolus of 
lactate or pyruvate, is gradually restored to close to its previous value [1]. It has been 
proposed by several groups that this regulation of the [lactate]/[pyruvate] ratio results 
from the maintenance of the components of the reaction catalysed by lactate 
dehydrogenase (LDH), as well as those of reactions catalysed by a number of other 
NAD-linked dehydrogenases, in a state of near-equilibrium as part of a network of 
close-to-equilibrium reactions that exists within the cytoplasmic compartment of the cell 
(see [2] for review). In view of this equilibration it has been considered feasible to use 
the steady state mass action ratio of the substrates of the reaction catalysed by LDH to 
determine the redox state or potential (£},) of cytoplasmic free (([NAD*]/[NADH]). 
Similar considerations have allowed the determination of the hepatic mitochondrial 
NAD-linked potential (E,m) from the measurement of the steady state mass action ratio 
of the reaction catalysed by 3-hydroxybutyrate dehydrogenase, which is confined to the 
mitochondrial compartment. 

Thus, published data implies that £,, and Em are individually held close to 
equilibrium, yet in terms of energy state, some 60 mV apart. This would be feasible if 
the two NAD pools were totally segregated, but it is well established that, despite this 
apparent energy barrier, reducing equivalents flow freely between the two 
compartments [3-5]. This apparent paradox has prompted us to re-examine the 
interrelationships of Epc and Enm. We conclude that Ey, and Em, as calculated by 
conventional means, represent not near-equilibrium potentials but rather energised 
far-from-equilibrium steady states. 


MATERIALS AND METHODS 

Sources of chemicals, inhibitors of oxidative phosphorylation, collagenase and 
enzymes necessary for the assay of metabolites, as well as incubation procedures and 
analytical techniques are described elsewhere [6]. A stock solution of palmitic acid was 
neutralised and dissolved in isotonic saline containing 9% (w/v) defatted bovine serum 
albumin (fraction V). Hepatocytes were prepared from 24-h fasted male Hooded Wistar 
rats of body mass 280-320 g as described in [7]. In preliminary studies hepatocytes were 
separated from the incubation medium by centrifugation, and analyses performed on the 
pellet and supernatant. These showed that the intracellular concentrations of lactate, 
pyruvate, 3-hydroxybutyrate and acetoacetate were consistently within 10% of 
extracellular values. The rate of oxygen uptake (Jo) was measured manometrically on a 
Gilson differential respirometer and inner mitochondrial “membrane potential” (A‘Y) 
was determined with [!4C]TPMPt? [8]. The cytoplasmic and mitochondrial NAD-linked 
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redox potentials were calculated according to [2]. The difference between the 


mitochondrial and cytoplasmic redox potentials, designated as Enpgifr, represents 
Enc - Em: 


RESULTS 


Relationship between cytoplasmic and mitochondrial redox potentials 

When hepatocytes from fasted rats were exposed to 10 mM lactate, it took about 
40 min for the [lactate]/[pyruvate] ratio to approach a value near 6/1 as lactate was 
consumed and pyruvate accumulated [9] (Fig. 1A). The ratio attained at any time point 
was found to be dependent on the initial concentration of added lactate. For example, if 
this concentration was 5 mM the [lactate]/[pyruvate] ratio at 40 min was less than 5/1. 
On the other hand, initial concentrations of 15 or 20 mM lactate yielded 
[lactate]/[pyruvate] ratios of about 7.5/1 and 10/1 respectively (Fig. 1A, inset). All these 
ratios declined further as the incubation was continued for another 20 min, but remained 
significantly different. The corresponding values for Ey, at 50 min, for the four different 
initial lactate concentrations employed, indicate a spread of 9 mV (Table 1). Changes 
occurring concomitantly in the [3-hydroxybutyrate}/[acetoacetate] ratio over the 
incubation period are shown in Fig. 1B. Due to the lack of added fatty acid in the 
incubation medium these ratios were very low and at 50 min all were below 0.35/1; the 
corresponding values for Eym spanned about 8 mV (Table 1). Because the variations in 
Ene and Epm were of the same order and direction, Epgifs remained almost constant for 
the different concentrations of added lactate (Table 1). 
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Figure 1A and 1B. Relationships between the starting concentration of lactate and 
[lactate}/[pyruvate] (1A) or [3-hydroxybutyrate]]/[acetoacetate] (1B) attained 
during the course of an incubation. Hepatocytes were incubated with 5, 10, 15 or 


20 mM lactate (@,O,@,C) at 37°C. The data presented are from a representative 
experiment. 
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TABLE 1 
Effect of initial lactate concentration on -E,., -E,,, and Eves 
ee ee ea 
Ex. 


Lactate ~E xm Eon 
(mM) (mV) (mV) (mV) 
) 235 275 39 
10 238 278 40 
15 241 281 40 
20 244 283 39 


Hepatocytes were incubated with 5, 10, 15 or 20 mM lactate at 37°C for 50 min. 


The [lactate]/[pyruvate] ratio can be altered by exposing hepatocytes to palmitate 
[10]. Because the fatty acid is rapidly metabolised by the liver at a rate that is 
concentration-dependent [11], and the amount that can be added is limited due to its 
poor solubility, hepatocytes are normally incubated with palmitate complexed with 
albumin. Saturating concentrations of unbound fatty acid that induce maximal rates of 
acetoacetate plus 3-hydroxybutyrate (“ketone bodies”) formation are obtained when 
hepatocytes from fasted rats are exposed to 2mM palmitate complexed with 2.25% 
albumin [12]. Lower non-saturating concentrations of free palmitate can be achieved by 
complexing the fatty acid with higher concentrations of albumin [10]. In the present 
studies, we employed four albumin concentrations between 2% and 9%, which 
confirmed that the greater the concentration of unbound palmitate to which the 
hepatocytes were exposed, the faster the rate of ketone body production and the higher 
the corresponding Epc and Epp attained (Table 2). Nevertheless, because Fy, and Enm 
increased by about the same extent for each individual free palmitate concentration 
tested, Engi remained virtually constant. 


TABLE 2 
Effect of albumin addition on the rate of acetoacetate + 3-hydroxybutyrate 
formation, -Encs -Enn and Ent 


Albumin Ketone Body ~E xe -E xm Evan 
Formation 
(umol.min".g" wet wt) (mV) (mV) (mV) 
2.2% 1.11 . 255 299 44 
4.5% 0.74 251 294 43 
8.9% 0.42 244 289 44 


Hepatocytes were incubated with lactate 8.mM and palmitate 2 mM (as described in 
Methods) at 37°C and Eh, and Ehm were measured at 40 min. The results are from a 
representative experiment. 


Energy-dependence of cellular redox potentials 

These studies indicated that hepatocytes exposed to lactate alone or in 
combination with palmitate were capable of maintaining an approximately constant 
potential difference between Ey, and Ehm, even though the individual redox potentials 
were substantially altered in the presence of different initial substrate concentrations. 
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Furthermore, there appeared to be significant interaction between the two potentials in 
that the presence of the cytoplasmic substrate, lactate, elevated Eym as well as Epc, 
whilst the mitochondrial substrate, palmitate, raised not only E,m but also Eye. These 
observations confirm that bidirectional reducing-equivalent flow and equilibration of 
hepatocyte cytoplasmic and mitochondrial NAD pools readily occur in the intact liver, 
despite the calculated 60 mV difference between the two potentials, equivalent to a 
hundredfold difference in redox state (mitochondria more negative). Because previous 
studies had indicated that reducing-equivalent transfer between cytoplasmic and 
mitochondrial compartments involves energy-dependent mechanisms [3,4,13] we 
examined the effects of uncoupling agents on the interrelationships of Ey, and Epm. 


TABLE 3 
Effect of FCCP addition on A'Y, -E,,, -Enm» Engi» ATP concentration and the rate of 
oxygen utilisation rp 


FCCP -Ex. -Enm Eyer [ATP] Jo 
(pM) (mV) (mV) (mV) (mV) (umol. g" = (mol.min”". 
wet wt) ge! wet wt) 
0 168 252 299 45 2.3 6.6 
10 162 248 294 45 2.1 7.5 
20 157 248 289 41 1.8 7.0 
30 147 249 285 36 1.5 8.5 
40 137 255 278 23 1.0 8.5 
60 118 267 269 2 0.4 6.9 


Hepatocytes were incubated with 10 mM lactate, 2 mM palmitate and 2 mM asparagine. 
Results are the mean of 4-7 expts. Measurements were made at 30 min. 


Table 3 illustrates the effects of increasing concentrations of the uncoupling 
agent FCCP on Jo, [ATP] and potentials when cells were incubated with lactate and 
palmitate. In these experiments asparagine was present as a source of shuttle 
components. In the absence of added asparagine the hepatocytes were grossly damaged 
at relatively low concentrations of FCCP, as indicated by trypan blue uptake and lactate 
dehydrogenase leakage. The almost complete abolition of Eygi¢ induced by the highest 
concentration of FCCP was the result of a substantial fall in Eym and a lesser rise in Epc. 
Similar results were obtained with the ionophore, valinomycin (data not shown). 

Since [ATP] and A‘Y fell in parallel as Epaige decreased, it was not clear from 
these experiments whether the energy-dependent decline in Epgifr was due solely to the 
fall in [ATP] or to a general mitochondrial de-energisation. To investigate this we 
incubated hepatocytes with lactate and palmitate together with carboxyatractyloside or 
oligomycin both of which maintain AY whilst greatly depleting cellular [ATP]. The 
results set out in Table 4 show that Epgisr was elevated rather than decreased in the 
presence of these inhibitors, and hence its maintenance is not dependent on [ATP]. 
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TABLE 4 


Effect of oligomycin or carboxyatractyloside addition on “Exes ~Exms Ena ATP 
concentration and AY. 


a am 
Inhibitor -Ex. -Exn Evan [ATP] AY 
(mV) (mV) (mV) (umol.g'ww) (mV) 
None 252 299 45 2.3 168 
Oligomycin (0.6 pM) 258 323 65 0.78 169 
Carboxyatractyloside (100 264 324 61 0.34 161 


uM) 


a a a a a 
Hepatocytes were incubated with 10 mM lactate, 1 mM pyruvate and 2 mM palmitate. 
Measurements were made at 30 min. 


TABLE 5 


Effect of rotenone addition on the rate of oxygen utilisation and glucose formation, A'Y, 
ATP concentration, -E,,,, -E,,, and E, jin. 


Rotenon Jo Teresez AY [ATP] -E,, Se Be 
(uf) (umol.min’!.g" wet wt) (mV) (yumol.g'ww) (mV) (mV) (mV) 
0 5.7 1.5 169 2.48 256 298 42 
0.1 5.3 1.3 158 2:32 258 303 45 
0.25 5:2 Lak 158 27. 262 307 45 
0.5 4.8 0.8 157 2.07 265 311 46 
1 4.1 0.4 156 1.91 268 316 47 
2 3.1 0.1 147 1.54 273 323 50 


Hepatocytes were incubated with 10 mM lactate, 1 mM pyruvate and 2 mM palmitate. 
Results are from a representative experiment. Measurements were made at 40 min. 


The relationship between mitochondrial electron flow and Epgie was further 
studied by exposing hepatocytes to graded concentrations of the respiratory inhibitor, 
rotenone. The results in Table 5 show that the inhibition of O2-uptake by increasing 
rotenone concentrations was associated with decreasing mitochondrial energisation as 
indicated by a decline in AY, [ATP] and the rate of glucose synthesis, but there was a 
rise in both Ey, and Eym and maintenance of Epgigy. This implies that the creation of an 
apparent redox potential difference between the mitochondrial and cytoplasmic 
compartments is not directly dependent on the generation of A'Y or AGp, as reflected by 
[ATP], but rather, like A‘¥, may be produced as an immediate and independent 
consequence of the utilisation of free energy arising during electron transport. 

An energy-dependent mechanism that could be involved in the maintenance of 
Enaity is “reversed electron transfer”, a process described in animal mitochondria more 
than 25 years ago [14], but the physiological significance of which, in animal cells, has 
been discounted. It is noteworthy that rotenone, which does not inhibit flavin-linked 
oxidations and is therefore not a potent suppressor of fatty acid oxidation, did not 
diminish, but actually increased Epgif These findings suggest that whereas a general 
mitochondrial inner membrane de-energising agent, such as the uncoupler FCCP, can 
interfere with all energy-dependent processes including generation of AuHt, ATP 
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synthesis and reversed electron transfer, inhibitors which specifically act at a single 
locus within the electron transport complex may be less broad in their actions on energy 
transduction. These studies and others previously reported [6,15,16] confirm that close 
correlations can exist under certain conditions between the magnitudes of A’, AG», Enc 
and Epm and rates of metabolic synthesis, but indicate that these correlations are not the 
result of a direct linkage between the various cellular potentials. Rather they may reflect 
a connection with, and dependence on, a more fundamental energisation of the 
mitochondria arising as a consequence of substrate oxidation and electron flow down 
the electrochemical gradient to oxygen. What factors determine the absolute value of the 
cellular potentials, or the mechanisms by which the redox potentials in the various cell 
compartments are energetically linked, remain to be elucidated. 
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INTRODUCTION 


The rate of glycolysis can potentially be regulated at several steps, including 
sugar transport, and by different mechnisms (eg. 2, 3, 4, 7, 20, 21). Enzymes may be 
regulated both by allosteric control of existing enzymes as well as by changes in the 
amount of glycolytic enzymes. However, attempts to improve flux by increasing the 
amount of certain key enzymes has in general proved unsuccessful (6). The regulation 
of glycolytic rate as well as rate of respiration involves nucleotides and especially 
adenine nucleotides (2, 3, 4, 7). The adenine nucleotides act as allosteric effectors but 
they are also taking part as substrates and products of glycolysis. Therefore, both their 
absolute concentration as well as their mass action ratios may be of importance for the 
regulation of glycolysis. 

The rate of energy production in the catabolic pathways are not always 
correlated by the anabolic energy requirements, i.e. more ATP is produced than needed 
by biosynthetic and maintenance demands (11, 13, 20). During growth of S. cerevisiae 
in a glucose limited chemostat, the cells are facing an energy limitation (19, 24). 
Consequently, under such conditions a low extent of uncoupling is to be expected. A 
nitrogen limitation, on the other hand, may provoke metabolic uncoupling since this 
represents an energy excess situation. Indeed, this has been reported for aerobic 
chemostat cultures of S. cerevisiae where a gradual change from glucose (energy) 
limitation to nitrogen limitation and energy excess was studied (11). The primary 
response during energy excess was an increased respiratory activity. When the 
maximum respiratory activity was reached also the rate of fermentation increased (11). 
In a recent chemostat study by Larsson et al. (12), changes in the glycolytic flux were 
brought about by imposing on the cells a gradually increasing nitrogen limitation, and 
hence increasing surplus of energy, i.e. by inducing different degrees of metabolic 
uncoupling. To reach even higher fluxes of both glycolysis and respiration at a constant 
rate of growth, we also took advantage of the uncoupling effect of weak organic acids, 
e.g. acetic- and benzoic acid.. The glycolytic flux was thereby increased by 100% (at a 
constant growth rate of 0.10 h"). 

This system was used in order to (i) investigate the levels of intracellular 
nucleotides and glycolytic enzymes at different glycolytic fluxes and to (ii) check 
whether there is any correlation between any of these concentrations and rate of 
glycolysis. In order to study the regulation of glycolysis in more detail we are presently 
harvesting cells from the chemostat and subsequently permeabilizing the cells by a 
technique using nystatin. The aim of the study is to determine to which extent different 
nucleotides exert control on glycolytic flux. 
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MATERIAL AND METHODS 

The Baker’s yeast strain, supplied by the Swedish Baker’s yeast manufacturer 
(Jastbolaget AB, Rotebro, Sweden) and W303-1A (ade2, his3, leu2,trp], ura3, canI- 
100) strain was used. Cells were cultured in a defined medium described by Albers ef al. 
(1) with (NH,),SO, as the nitrogen source. In experiments with the auxotrophic mutant 
the necessary amino acids and bases were added to the medium at a concentration of 
120 mg/l or concerning leucine 240 mg/l. The glucose concentration was kept constant 
at 20 g/l whereas the ammoniumsulphate concentration was varied in order to obtain 
medium C/N ratios ranging from 10 - 640 (gC/gN). In the experiments with acetic acid 
and benzoic acid addition a feed medium concentration of 5 mM was used. 

The chemostat cultures were conducted at a constant dilution rate of 0.10 h' ina 
2 liter CMF mini fermenter (Chemap AG, Volketswil, Switzerland). The working 
volume was 1.5 1, the temperature was 30°C, the stirring rate was 500 rpm (anaerobic) 
or 600 rpm (aerobic) and the pH was controlled at 5.0 by addition of 1 M NaOH. 
Anaerobic conditions were obtained by flushing the fermentor with N, at a rate of 0.2 
vol/vol/min by using a mass flow controller (Bronkhorst High-Tech B.V., Ruurlo, The 
Netherlands). Samples (2 x 1.5 ml) were centrifuged for 2 min at 15,000 x g and the 
supematants were stored in the freezer (-20°C). Concentrations of substrates and 
products were determined with enzyme combination kits (Biochemica Test 
Combination; Boehringer Mannheim GmbH, Mannheim Germany). 

For determination of intracellular nucleotides, samples (2 x 1 ml) were extracted 
using a TCA method previously described (9). Analysis was performed by ion-pair 
reversed phase HPLC. The column was hypersil BDS C18 (Hewlett Packard Company, 
Camas, WA) 250 x 4.6 mm and a particle size of 5 pm. The mobile phase consisted of 
60 mM NH,H,PO, + 5 mM of tetrabutylammoniumdihydrogen phosphate (pH 6.50). 
The acetonitrile concentration was linearly increased from 0 to 8% during the first 15 
min and this concentration was maintained until the end of the run. The temperature was 
42°C and the flow rate | ml/min. Detection was performed by measuring the absorbance 
at 254 nm. 

For determination of total protein content of the cells, samples (2 x 10 ml) were 
centrifuged at 5,000 x g for 5 min and washed twice with 0.9 % (wt/vol) NaCl. The 
pellet was resuspended in 3 ml of NaOH and total protein was determined by a modified 
biuret method (24) using bovine serum albumin as a standard. The protein composition 
was determined by two-dimensional (2D) poly-acrylamide gel electrophoresis. The 2D- 
PAGE gels were run as described with first dimensional separation in an immobilised 3 
- 10 pH gradient subsequently resolved on SDS containing 10% acrylamide gels (16). 
Identification of resolved proteins have earlier been performed by micro-sequencing 
(16) and image-data can be found on our www - server (http://yeast- 
2DPAGE.gmm.gu.se). Silver staining of the proteins were performed according to a 
silver nitrate based protocol with prior treatment of the gels with dithiothreitol (15). In 
order to properly quantify the stained 2D resolved proteins, a calibration strip with step- 
wise increased concentrations of BSA was simultaneously stained and utilised in the 
computer aided image analysis. By applying this quantification procedure the silver 
staining technology showed both a linear and protein invariant response (Norbeck and 
Blomberg; unpublished data). 2D resolved proteins were automatically quantified by 
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image analysis by the PDQUEST software (v. 5. 1), which i : ; 
the QUESTsystem (8). ) which is a commercial variant of 


For further experimental details see (12). 


RESULTS 


In order to study whether the changes in glycolytic flux was accompanied by changes 
in the levels of glycolytic enzymes, 2D-PAGE analysis was used. There seemed to be a 
general trend in that the relative amount of glycolytic enzymes decreased when the 
conditions changed from energy limitation to energy excess (Fig. 1A). However, also 
the actin content decreased and if the results were normalized to actin concentration it 
was only HXK2 and ENO! which still showed a significant decrease in abundance 
during energy excess (Fig. 1B). 


Protein amount (ng) 


Protein amount (%relative actin [ACT 1]) 


HXK2 FBA1 TDH3 TDH2 PGK! GPM1 ENO2 ENO! ACTI 


Figure 1. Changes in the level of glycolytic enzymes analyzed by 2D-gel 
electrophoresis during anaerobic chemostat cultures of S. cerevisiae at a dilution rate of 
0.10 h" and a feed medium C/N ratio of 10 (black bars), 80 (grey bars) and 320 (open 
bars). (A) protein amount per 20 pig total protein and (B) amount of protein in percent of 
actin. Printed from Larsson et al. (12), copyright ©American Society of Microbiology. 
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Figure 2. The correlation between glycolytic rate and intracellular ATP content during 
anaerobic chemostat cultures of S. cerevisiae at a dilution rate of 0.10 h' with and 
without addition of 5 mM of benzoic acid. No addition (@) and 5 mM benzoic acid (@). 
The results without addition of weak acid are based on two entirely separate 
experiments using the Baker’s yeast strain and one experiment with the W303-1A 
strain. The correlation coefficient, r was 0.85 and the t value -10.9 (n = 22). Benzoic 
acid additions were performed with the Baker’s yeast strain. The correlation coefficient, 
r was 0.92 and the t value -6.8 (n = 6). Printed from Larsson et al. (12), copyright © 
American Society for Microbiology. 


For each series of varying C/N ratio there was a strong negative correlation 
between glycolytic flux and intracellular ATP content, i.e. the higher the ATP content 
the lower the rate of glycolysis, both during anaerobic (Fig. 2) and aerobic (see 12) 
conditions. No correlation could be found with the other nucleotides tested (ADP, GTP, 
UTP) or with the ATP/ADP ratio (data not shown). However, the same intracellular 
ATP content yielded a much higher glycolytic flux in the presence of benzoic acid than 
without addition (Fig. 2). A different response was also found when anaerobic and 
aerobic conditions were compared. Anaerobically the glycolytic flux was higher at the 
same ATP content than during aerobic conditions. 


DISCUSSION 

It is clear that uncoupling between anabolic energy demands and catabolic 
energy production can occur in S. cerevisiae (11, 12, 13, 22). Anaerobically, when the 
nitrogen feed was decreased and energy excess was introduced, the catabolic activity of 
the cells increased (at a constant growth rate) until an ethanol production rate of about 
15 mmol/g h was reached (12). However, the presence of benzoic acid somehow 
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enabled the cells to increase the fermentation rate above what seemed to be a saturation 
level. Similar effects have earlier been reported on respiratory activity under aerobic 
conditions where oxygen consumption rates of 19-21 mmol /g h were recorded in the 
presence of benzoic acid (23). This value is much higher than the maximum respiratory 
rate reported by, e.g. Rieger ef al. (18) for S. cerevisiae. The feature of allowing 
uncoupling of catabolism and anabolism in S. cerevisae, enables the glycolytic rate to be 
separated from the growth rate (12). This feature was used in the here presented studies 
of the correlation between glycolytic rate and different potential factors that may be 
involved in the control of the glycolytic rate. 

The strong negative correlation between intracellular ATP content and the rate of 
glycolysis suggests that ATP levels are involved in the control of the glycolytic rate (no 
correlation could be found with the other nucleotides tested or with the ATP/ADP ratio). 
The other explanation would be that the rate of glycolysis in combination with the 
energy demand determine the ATP levels. However, if this would be the case it ought to 
be a positive correlation between ATP content and glycolytic flux. Instead, our study 
(12) showed that the highest rates of glycolysis was obtained during energy excess and 
low ATP levels (Fig. 2). The clear correlation between intracellular ATP content and 
glycolytic flux is probably a reflection of allosteric regulation of glycolysis. Also the 
possibility that glycolytic flux may be regulated by adjustment of the level of glycolytic 
enzymes was studied (12). However, this seems not to be the case since the enhanced 
glycolytic flux obtained under energy excess was in fact accompanied with a decrease in 
the amount of glycolytic enzymes, most notably HXK2 and ENO] (Fig. 1). Hexokinase 
(HXK) and phosphofructokinase (PFK) are considered as key enzymes in the control of 
glycolytic flux. PFK is subject to a number of allosteric regulators including an 
inhibition by ATP (7, 17). Reibstein ef al. (17) reported that PFK activity did decrease 
when the ATP concentration was changed from 1.5 to 3.1 mM and different ADP 
concentrations was without effect. However, PFK activity was said to be virtually 
independent of ATP concentrations ranging from 2 to 5 mM (17). Similarly, Caubet er 
al, (5) showed a very low effect on PFK activity when the ATP concentration was raised 
above 0.5 mM. By assuming an intracellular volume of 2 pl/mg (14) the ATP 
concentrations in the present study ranged from approximately 1.1 - 4.6 mM. In other 
words, by extrapolating these in vitro data, the measured ATP concentrations seem to be 
higher than the range where it controls PFK activity. Conceming HXK2 it has been 
reported that the activity of this enzyme is inhibited by ATP concentrations above 2 mM 
ATP (10). When the conditions changed gradually from energy limitation to energy 
excess the resulting increased glycolytic flux might be due to an increased HXK2 
activity regulated by the ATP level. However, this is based on in vitro data and it might 
very well be that in vivo ATP exerts control of glycolytic flux by regulating the activity 
of HXK2 as well as PFK (or even more enzymes). Furthermore, the control of 
glycolytic rate is more complex than just involving ATP. For instance, benzoic acid 
addition or transition from anaerobic to aerobic conditions changed the relation between 
ATP content and rate of glycolysis implying that more factors are involved in this 
control. 
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INTRODUCTION 


Regulation of organism neurohormonal status during irradiation and other time 
periods after it can be one of the ways of functional influence on organizm 
radioresistance. Numerous investigation performed in our laboratory showed that 
injection of Citric Acid Cycle (CAC) intermediates can influence autonomic nervous 
system status. Succinate (SC) injection has proved to increase adrenergetic nervous 
system activity [1]. Significant role in increasing the organizm resistance to extremal 
environment conditions belongs to cholynergic influences. Our investigations showed 
the injection of cholynomimetic substance (karbacholine) (30 min befor irradiation) to 
make normal change postirradiation disfunctions of respiration and oxidative 
phosphorylation processes in mitochondria (MCH) of hepato- and enterocytes towards 
normalization [2]. The KG injection activates cholynergic regulation mechanism 
connected with correlation changes in acety!lcholin-cholinesterase system [3]. However, 
KG influence on the organizm resistance to high-dose irradiation has not been studied. 


METHODS 


Influence of high-dose irradiation was modeled by RUM-17. The animal group 
(235 white rats) was totally irradiated by dose 259 mKl/kg. Half of the group was 
injected KG (20 mg/100g body weight) 1 hour after irradiation. Another half was 
injected a similar volume of saline solution for control. Animals were decapitated 1, 2, 
3, 24 and 72 hours after KG injection. MCH of hepatocytes and enterocytes were 
extracted by differential centrifuging and respiration was measured by polarographyc 
method in different metabolic states. Enzymes activity was measured 
spectrophotometrically by using Osadcha technique (alanine-, 
aspartateaminotransferase) and according to Eschenko-Volsky technique 
(succinatedehydrogenase) in samples freesed in liquid nitrogenium. The obtained results 
were Statistically procesed and a mean statistic value M and mean statistic error m were 
defined. Students’ criterion was used. 


RESULTS AND DISCUSSION 

The KG injection 30 min befor irradiation aggravated irradiation damage 
influence the rat organizm. On the 30" day after irradiation animals mortality was 92% 
(p<0,001). The same symptoms of intestinal form of irradiation desease were observed 
in the animal group which received KG 3 hours after irradiation. However injection 
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made | and 2 hours after X-ray treatment resulted in the increasing of rats vitality. The 
effect of KG injection made | hour after irradiation was more pronounced. 

Our preliminary studies showed that KG injection at early terms after ionizing 
irradiation in minimal lethal dose decrease intensity of oxygen consumption through the 
activation of cholynergic regulation mechanism. However, sodium of KG normalized 
cell energy metabolism thruogh increasing the coupling respiration and oxidative 
phosphorylation [4]. 

Total irradiation depressed ADP-dependent respiration, decreased ADP 
phosphorylation during SC and KG oxidation. Coupling of respiration and oxidative 
phosphorylation during KG oxidation decrease significantly. By the end of the first 
twenty-four hours after irradiation the speed of ADP-stimulated respiration was reduced 
by 25% during KG oxidation and by 13,3% during SC as compared to unirradieted 
control. Effectiveness of ADP-phosphorylation was 20% lower for SC. Activity of 
alanine- and aspartateaminotransferase in digestive organs tissues (liver, pancreas, 
mucos  intestinum  tenue) were _ siggnificatly decreased. However, 
succinatedehydrogenase actyvity was increased. 

The parentheral KG injection 1 hour after irradiation in minimal lethal dose 
improved indices of oxidative phosphorylation in the hepatocytes and enterocytes MCH 
already 2 hours after irradiation when both CAC substrates were used. As a result, the 
speed of phosphorylative respiration during SC and KG oxidation increased even more 
then the same in nonirradiated animals; coupling of respiration and phosphorylation 
became normal. 

We observed a similar KG normalization effect on MCH processes twenty-four 
hours after irradiation. The speed of phosphorylative respiration increased by 22,6% and 
32,7% during KG and SC oxidation accordingly as compered to irradiation without KG 
injection. 

Many experiments demonstrated that irradiation in lethal doses provoked sharp 
discoupling of respiration and phosphorylation processes in rabit and rat liver MCH 1 
hour after irradiation. It is connected with disfunction electron and proton transportation 
in respirative chain [2]. With the help of specific inhibitors of electron transportationit 
was determined that 2 points of macroergs synthesis connected with SC oxidation 
damage by irradiation influence. Irradiation provokes structure-functional changes in 
MCH, activates MCH ATP-ase. These changes result in the decrease of ATP content 
and swelling of MCH. 

A great role in oxygen consumption during exogenic KG oxidation, is known, to 
belong to endogenic KG generated from SC. That is why we studied phosphorylative 
respiration while adding malonic acid (succinatedehydrogenase inhibitor). Addition of 
KG and malonic acid to MCH suspension decreased KG oxidation> However, 
activating influence of KG injection on mitochondrial KG oxidation was better. Thus 
while stimulation of ADP-dependent respiration 24-hours after KG injection into 
irradiated rats was 6,3%, with malonic acid it was 41,2%. Under these condions 
stimulating effect of KG on SC oxidation (24 hour after irradiation) was blocked by 
addition of rotenone into incubation mixture (inhibitor of electron transport in 
respirative chane of MCH). The above obviously demonstrates the fact of contribution 
of NAD-dependentsubstrates of oxidation to stimulation of respiration during SC 
oxidation. 
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The influence of KG on energy metabolism in MCH of irradiated animals can 
occurs in several ways. The first way is the activating influence of KG on glutamate- 
malate mixture oxidation (152,3%, p< 0,01) and glutamate-pyruvate mixture (124,1%, 
p<0,05) as compared to irradiated animals.This causes the increase of endogenic KG 
synthesis as a result of aminotransferases reactions and to the increase of anabolic 
methabolism level. Shuch fact to cofirm by increasing of alanine- and 
aspartateaminotransferase activity in tissues of digestive organs (liver, pancreas, mucos 
intestinum tenue) during 72 hour after KG injection. 

The second way is two-fold increase of GTP concentration [5] as a result 
phosphorylation on substrate level during KG oxidation. Increasing GTP concentration 
leads to decreasing cAMP/cGMP correlation. Such condition is favourable for 
realization of cholynergic nervous system influences increasing radioresistance and 
vitality of animal organizms. 

Consequently, we can make a conclusion that KG injection 1 hour after 
irradiation of rats in minimal lethal dose results in a considerable activation of energy 
processes in MCH of irradiated animals towards their normalization. It is important for 
energy support of the functional activity of the organizm to the influence of stress 


irritants, specifically to ionizing irradiation. 
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INTRODUCTION 


Analysing the topology of metabolic charts has recently attracted renewed 
interest in the light of functional genomics [1,2]. A widely used method for assigning 
genes to enzyme functions is sequence comparison and the search for orthologous genes 
in the organism under study and a better characterised organism [1,3]. However, a 
significant proportion of the genes still remain unidentified. Given these uncertainties it 
seems promising to go beyond the purely genetic approach and put the individual 
proteins into the context of higher-order processes such as metabolic pathways. 

Methods for the structural (topological) analysis of metabolic pathways have 
been improved considerably in the last decade [4 8]. A modern approach in this analysis 
is by detecting basic biochemical production routes. These routes are referred to as 
"biochemical pathways" [4], “elementary flux modes" [6,9], or "basic reaction modes 
{7}. 

Roughly speaking, an elementary flux mode is a flux pattern which can be 
accomplished at steady state (with all the irreversible reactions proceeding in the 
appropriate direction) and cannot be decomposed into two simpler flux distributions. 
Such a mode can be characterised by indicating the enzymes involved and the 
proportions of fluxes carried by these enzymes. The modes correspond to routes 
through, or cycles within, the system. All steady-state flux distributions in a reaction 
network are superpositions of elementary modes. A mathematically sound definition of 
this concept and an algorithm for computing all elementary modes for systems of any 
complexity have been given earlier [10]. The approach has been used, for example, in 
determining optimal routes in the synthesis of precursors of aromatic amino acids [7] 
and in the investigation of optimal stoichiometric structures in carbohydrate metabolism 
(8). 

In the present paper, we apply the elementary modes approach to the human red 
biood cell. We have chosen this cell as an exemplifying system because its metabolism 
is very simple and very well known. For the same reason, this cell has been the subject 
of intense kinetic modelling [9,11-13]. Since during maturation of the human 
erythrocyte, the nucleus is eliminated, this cell might, at first sight, be of no interest In 
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the context of genome analysis. However, the enzymes operating in mature erythrocytes 
originate, after all, from gene translation. The approach can then be ported to more 
complex cells (harbouring genetic information) in a straightforward way. 


METHODS 

As for the metabolites and other substances, it is usual practice in modelling to 
make a technical distinction between extemal and internal metabolites. External 
metabolites (sources and sinks) are buffered by connection to reservoirs. The internal 
metabolites, by contrast, do not participate in reactions other than those included in the 
model. For these metabolites, it is sensible to apply a quasi-steady-state hypothesis. 

The erythrocyte is a prominent example of a cell whose metabolism operates at a 
Stationary state. In our analysis, we use the reaction scheme shown in Fig. 1. On the 
basis of a slightly simpler scheme, Joshi and Palsson [11] and Ni and Savageau [13] 
developed the most comprehensive kinetic models of human erythrocyte metabolism so 
far existing. 


pecu ,230°6 


re P3G 
Np prow 
P2G 


PFK ALD GAFPOH 
GLC ata Oe, rep 7 Fe << GASP i a wk 
ATP ADP [m wi NabH CADP 
DHAP 
GLYCOLYSIS 


ATP CONSUMPTION 


ATp MomPhe3 app NUCLEOTIDEMETABOLISM AK 
ADP 


Figure 1. Scheme of the main reactions proceeding in human red blood cells. All 
metabolites with the subscript ext as well as adenine and CO, are considered as external 
substances. Reversible reactions are indicated by double arrow-heads. The abbreviation 
MemPhos is used for a group of enzymes responsible for the phosphorylation of 
membrane lipids and proteins and for establishing the lipid asymmetry in the bilayer 


membrane. 
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The algorithm for computing all elementary modes for reaction systems of any 
complexity [10] has been implemented as computer programs in Turbo-Pascal by Claus 
Hilgetag (Newcastle) and SmallTalk by John Woods (Oxford). Recently, one of the 
authors (T.P.) wrote a program in C (GNU - public license) which runs under UNIX and 
can easily be included in larger simulation packages. Using pointer variables, it can 
readily cope with the varying size of intermediate tableaux in the course of the 
algorithm. The reaction equations (or optionally the Stoichiometry matrix) and the 
information about which reactions are irreversible are required as the only inputs. Care 
should be taken where an enzymic protein catalyses more than one reaction, whether the 
same chemical reaction with alternate substrates at a single active site, or different 
reactions at separate active sites. In the System shown in Fig. 1, this concerns 5’- 
nucleotidase (NUC), which dephosphorylates both IMP and AMP, DPGM and DPGase, 


Which reside on the same protein (cf. [14]), and the two functions of transketolase (TKI 
and TKII). 


RESULTS 


Running any one of the above-mentioned computer programs for the scheme of 
erythrocyte metabolism shown in Fig. 1 gives the 21 elementary modes listed in Table 
L. 


These elementary modes can be interpreted in terms of biochemical function. For 
example, mode 8 represents glycolysis plus the Na* and K* transport across the 
erythrocyte membrane. So the ATP produced in glycolysis is utilized by the Na‘/K*- 
ATPase. Mode 21 represents the pentose phosphate pathway (PPP) in a certain 
combination with several reactions of glycolysis (which form the link to the 
surroundings of the cell). Interestingly, there are different combinations of the PPP and 
glycolysis. While in mode 21, PGI is not involved while PFK is, it is the other way 
round in mode 19, with PGI proceeding backwards. 

Some of the calculated modes differ only slightly from each other. For example, 
modes (4) and (6) coincide apart from the exchange of AMPDA and ADA. The modes 
(7), (8) and (11) only differ in the way of utilization of the ATP produced in glycolysis. 
Whereas in mode (7), ATP is used for membrane phosphorylation, it is used for Na* and 
K" transport in mode (8) and for driving the futile cycle formed by AMP and AK in 
mode (11). It is therefore sensible to group the modes. An objective criterion for this 
grouping is the overall stoichiometry for the external metabolites. By inspecting the 21 
elementary modes, we see that there are 6 different overall stoichiometries for the 
erythrocyte system. 

It is worth noting that none of the modes calculated contains pyruvate export. 
This is because in the network considered [11,13], the steady state condition requires 
that the NADH formed by GAPDH must be reduced by LDH. However, part of the 
NADH is actually used to reduce the methemoglobin permanently generated by 
autoxidation of hemoglobin. If this reaction were included, modes involving pyruvate 
transport would arise. So detection of elementary modes is a helpful tool in testing the 
completeness of a model system. . 

Another field of application is provided by the enzyme deficiencies important in 
medicine. These are in fact related to the issue of missing links in bacterial metabolism. 
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For analysing enzymopathies, it is necessary first to decide which cell functions are 
compulsory. In erythrocytes, these are at least the generation of redox capacity for 
coping with the oxidative stress as well as the Na*/K*-ATPase activity for establishing 
the osmotic balance. Other functions, probably of lesser importance, are membrane 
phosphorylation and maintenance of the lipid asymmetry and of the level of 2,3DPG, 
which is an important modulator of oxygen binding to hemoglobin. For fulfilling the 
latter function, for example, at least one of the modes 19-21 involving DPGM and 
DPGase is physiologically desirable, although they give a lower ATP yield than the 
modes involving PGK. Complete lack of DPGM/DPGase is not critical, though, but 
leads to mild erythrocytosis to compensate for the increased affinity of hemoglobin to 
oxygen [14]. 

As all the modes computed involve HK and PK, one can substantiate the well- 
known result that severe HK or PK deficiencies lead to hemolytic anemia [14]. Our 
results are also in agreement with the finding that an absence of ADA is non-critical 
{15]. Indeed, any mode involving ADA has a counterpart involving AMPDA with the 
same overall stoichiometry. 

G6PD defects (favism) belong to the most wide-spread enzymopathies in man 
and are notorious for causing side-effects in drug therapy. This enzyme is indispensable 
to protect cells against even mild oxidative stress (cf. [12,16]). Lack of G6PD impedes 
operation of all modes but the ones numbered 7-12 and 20. These modes do not involve 
the glutathione oxidation reaction, which is necessary for meeting the oxidative stress. 
Pandolfi and coworkers [16] stated that in the absence of G6PD, there is still a pathway 
leading from glucose to ribose via the TK and TA reactions. We have checked this by 
calculating the flux modes in a system where G6PD is blocked and ribose-5-phosphate 
(RSP) is considered external. This gives 20 modes, with one of them actually 
performing a transformation from glucose to R5P: 

4 GLC ---> 3 RSP + 3 LACext {4HK 4PGI 2PFK 2ALD = 2TPI 
3GAPDH 3PGK 3PGM 3EN 3PK 3LDH 3LACex 2R5PI -2XuSPE -TKI -TKII 
-TA}. 

The effects of erythrocyte enzymopathies have been studied earlier on the basis 
of a smaller reaction scheme, lacking the adenine nucleotide metabolism and 
considering PRPP as an external metabolite [12]. It was concluded that complete 
deficiencies of DPGM, Xu5PE, TK or TA could be tolerated. It was stated, however, 
that the importance of the enzymes of the nonoxidative PPP were possibly 
underestimated because the salvage pathway was neglected in the model. This issue can 
easily be tested by our approach. In the reaction scheme shown in Fig. 1, blocking of 
any one of the enzymes XuSPE, TK and TA suppresses all modes in which the NADPH 
producing enzymes G6PD and GL6PD are involved. This leads to the conclusion that 
the enzymes of the nonoxidative PPP are indispensable. 

Elementary modes analysis allows one to detect all means of ATP utilization in 
the system, by treating ATP and ADP as externals and all other substances as internals. 

For the system considered, this gives the following four modes: {MemPhos}, {—2KLeak 
3NaLeak NaKATPase}, {AMPase AK}, and {-ApK NUC PNPase PRM PRPPsyn 
HGPRT}. The latter two of these are futile cycles, with the last one hardly detectable by 
inspection. 
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Table 1. Elementary modes for the reaction scheme of erythrocyte metabolism given in Fig. 
1. The enzyme names written in braces indicate the enzymes used in the respective mode. 
Negative values indicate the reaction is used in the reverse sense. 


(1) GLCext —>LACext+3CO2 {GLCim HK -2PGI GAPDH PGK PGM EN PK LDH LACtrans MemPhos 
3G6PD 3PGLase 3GL6PD 6GSSGR 6GSHox RSPI 2XuSPE TKI TKII TA} 


(2) GLCext —-> LACext+3CO2 {GLCim HK -2PGI GAPDH PGK PGM EN PK LDH LACtrans 3G6PD 
3PGLase 3GL6PD 6GSSGR 6GSHox RSPI 2XuSPE TKI TKII TA -2KLeak 3NaLeak NaK-ATPase} 


(3) 2 GLCext —-> 2 LACext + 6 CO2 {GLCim 2HK -4PGI 2GAPDH 2PGK 2PGM 2EN 2PK 2LDH 2LACtrans 
-ApK 6G6PD 6PGLase 6GL6PD 12GSSGR 12GSHox 2RS5PI 4XuSPE 2TKI 2TKII2TA NUC PNPase PRM 
PRPPsyn HGPRT} 


(4) 2 GLCext + Adenine —-> HYPXext + 2 LACext+6CO2 {2GLCim 2HK -4PGI 2GAPDH 2PGK 2PGM 2EN 
2PK 2LDH 2LACtrans -ApK AMPDA AdPRT 6G6PD 6PGLase 6GL6PD 12GSSGR 12GSHox 2R5PI 4Xu5PE 
2TKI 2TKII 2TA NUC PNPase PRM PRPPsyn HXtrans} 


(5) GLCext —-> LACext + 3 CO2 {GLCim HK -2PGI GAPDH PGK PGM EN PK LDH LACtrans NUC AK 
3G6PD 3PGLase 3GL6PD 6GSSGR 6GSHox R5PI 2Xu5PE TKI TKII TA} 


(6) 2 GLCext + Adenine --> HYPXext + 2 LACext+ 6 CO2 (2GLCim 2HK -4PGI 2GAPDH 2PGK 2PGM 2EN 
2PK 2LDH 2LACtrans NUC ADA -ApK AdPRT 6G6PD 6PGLase 6GL6PD 12GSSGR 12GSHox 2R5PI 4XuS5PE 
2TKI 2TKII 2TA PNPase PRM PRPPsyn HXtrans} 


(7) GLCext -> 2 LACext {GLCim HK PGI PFK ALD TPI 2GAPDH 2PGK 2PGM 2EN 2PK 2LDH 2LACtrans 
2MemPhos} 


(8) GLCext —> 2 LACext {GLCim HK PGI PFK ALD TPI 2GAPDH 2PGK 2PGM 2EN 2PK 2LDH 2LACtrans 
—iKLeak 6NaLeak 2NaK-ATPase} 


(9) GLCext --> 2 LACext {GLCim HK PGI PFK ALD TPI 2GAPDH 2PGK 2PGM 2EN 2PK 2LDH 2LACtrans 
-ApK NUC PNPase PRM PRPPsyn HGPRT} 


(10) GLCext + Adenine —> HYPXext + 2 LACext {GLCim HK PGI PFK ALD TPI 2GAPDH 2PGK 2PGM 2EN 
2PK 2LDH 2LACtrans -ApK AMPDA AdPRT NUC PNPase PRM PRPPsyn HXtrans} 


(11) GLCext —> 2 LACext {GLCim HK PGI PFK ALD TPI 2GAPDH 2PGK 2PGM 2EN 2PK 2LDH 2LACtrans 
2NUC 2AK} 


(12) GLCext + Adenine —> HYPXext +2 LACext {GLCim HK PGI] PFK ALD TPI 2GAPDH 2PGK 2PGM 2EN 
2PK 2LDH 2LACtrans NUC ADA -ApK AdPRT PNPase PRM PRPPsyn HXtrans} 


(13) 3 GLCext —> 5 LACext+ 3 CO2 {3GLCim 3HK 2PFK 2ALD 2TPI SGAPDH S5PGK S5PGM 5EN 5PK 5LDH 
SLACtrans 5MemPhos 3G6PD 3PGLase 3GL6PD 6GSSGR 6GSHox RSPI 2XuSPE TKI TKII TA} 


(14) 3 GLCext —> 5 LACext+3CO2 {3GLCim 3HK 2PFK 2ALD 2TPI SGAPDH 5PGK 5PGM 5EN 5PK 5LDH 
S5LACtans 3G6PD 3PGLase 3GL6PD 6GSSGR 6GSHox R5PI 2XuSPE TKI TKII TA —I10KLeak 15NaLeak 5NaK- 
ATPase} 


(15) 6 GLCext —> 10 LACext+6CO2 {6GLCim 6HK 4PFK 4ALD 4TPI 1OGAPDH 10PGK 10PGM 10EN 10PK 
J0OLDH 10LACtrans -SApK 6G6PD 6PGLase 6GL6PD 12GSSGR 12GSHox 2R5PI 4XuSPE 2TKI 2TKII 2TA 
SNUC SPNPase SPRM SPRPPsyn SHGPRT} 


(16) 6 GLCext + 5 Adenine --> 5 HYPXext + 10 LACext +6 CO2 {6GLCim 6HK 4PFK 4ALD 4TPI 10GAPDH 
10PGK 10PGM 10EN 10PK 10LDH IOLACtrans -SApK SAMPDA S5AdPRT 6G6PD 6PGLase 6GL6PD 12GSSGR 
12GSHox 2R5PI 4Xu5PE 2TKI 2TKII 2TA SNUC SPNPase 5PRM S5PRPPsyn 5HXtrans} 


(17) 3 GLCext —> 5 LACext+3CO2 {3GLCim 3HK 2PFK 2ALD 2TPI SGAPDH 5PGK S5SPGM SEN 5PK 5LDH 
5LACtrans SNUC SAK 3G6PD 3PGLase 3GL6PD 6GSSGR 6GSHox RSPI 2XuSPE TKI TKII TA) 


(18) 6 GLCext + 5 Adenine —> 5 HYPXext + 10 LACext+6CO2 {6GLCim 6HK 4PFK 4ALD 4TPI IOGAPDH 
10PGK 10PGM IOEN IOPK IOLDH 10LACtrans SNUC SADA -SApK SAdPRT 6G6PD 6PGLase 6GL6PD 
12GSSGR 12GSHox 2R5PI 4XuSPE 2TKI 2TKII 2TA SPNPase 5PRM SPRPPsyn 5HXtrans} 


(19) GLCext > LACext+3CO2 {GLCim HK -2PGI GAPDH DPGM DPGase PGM EN PK LDH LACtrans 
3G6PD 3PGLase 3GL6PD 6GSSGR 6GSHox RSPI 2Xu5PE TKI TKII TA} 


(20) GLCext —-> 2 LACext {HK PGI PFK ALD TP! 2GAPDH 2DPGM 2DPGase 2PGM 2EN 2PK 2LDH 
2LACtrans} 


(21) 3 GLCext —-> 5 LACext+ 3CO2 (3GLCim 3HK 2PFK 2ALD 2TPI SGAPDH 5DPGM SDPGase SPGM SEN 
5PK 5LDH SLACtrans 3G6PD 3PGLase 3GL6PD 6GSSGR 6GSHox RSPI 2Xu5PE TKI TKII TA} 
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An important application is blood banking. It was observed that blood could be 
preserved longer when stored in the presence of adenosine or inosine (cf. {17]). This is 
firstly due to retardation of the progressive loss of adenine nucleotides. Secondly, it 
might be speculated that the ribose moiety involved in adenosine could be used as a 
carbon source. We therefore computed the elementary modes for the case where GLCim 
is blocked (which is equivalent to glucose starvation) and adenosine (ADO) is treated as 
an external metabolite. This gives rise to 36 modes. 13 of them perform the 
transformation ADO ---> HYPX + 2 CO2 + LACext. As in the modes given in Table 1, 
production of lactate and CO, is accompanied with regeneration of ATP and NADPH, 
respectively. For example, there exists the following mode: {-2PGI GAPDH PGK 
PGM EN PK LDH LACex AK AMPDA 2G6PD 2PGLase 2GL6PD 4GSSGR 
4GSHox 2XuSPE TKI TKI] TA NUC PNPase PRM -2KLeak 3NaLeak 
NaKATPase}. When inosine (INO) instead of adenosine is treated as external, 24 modes 
arise. 9 of them realize the transformation INO --> HYPX + 2 CO2 + LACext, while 7 
of them have the overall stoichiometry 3 INO ---> 3 HYPX + 5 LACext. 

Our analysis can be used as a guideline in the reconstruction of bacterial 
metabolism. For example, it appears that in Mycoplasma hominis, PFK and ALD are 
absent. Moreover, the first three enzymes of the PPP (G6PD, PGLase and GL6PD) are 
absent from M. hominis and many other Mollicutes except Acholeplasma species 
[18,19]. Pollack ef al, argued that ’Nonglycolytics, such as My. hominis, bypass these 
two enzyme deficiencies: PFK and aldolase... G6P enters the PPP and eventually 
appears as glyceraldehyde-3-phosphate that enters the EMP below... This may be a great 
advantage because by reentering the EMP without reacting with PFK, an equivalent of 
one ATP is saved.” [19, pp.291-292]. However, it can be seen in Table | that there is no 
mode lacking PFK, ALD, and the enzymes of the oxidative PPP (not even one lacking 
PFK and G6PD only). We have checked this by calculating the modes when these 
enzymes are absent. The set of elementary modes is then actually empty. This is 
understandable because several intermediates of the PPP such as EAP would not be 
regenerated in any mode bypassing these five enzymes. So the above finding of Pollack 
and coworkers has to be critically reexamined, either by biochemical assays or by 
function assignment of sequenced genes. 


DISCUSSION 
An elementary mode is a minimal set of enzymes that can operate at steady state. 


It can be interpreted as a biochemical pathway with a specific biological function. By 
detecting these modes, the stoichiometric feasibility of observed, desired or 
hypothesized biotransformations can be tested. In medical applications, intricate 
consequences of inherited or acquired enzyme deficiencies with Tespect to substrate 
flows can be assessed. These are not always obvious from inspection of the metabolic 
map. As for the assignment of enzyme ae newly sequenced genes, the method 
may provide missing links in the reconstructed pathways. — 

a The present paper is devoted to the pathway analysis of the human erythrocyte. 
We have detected all routes through the metabolic network and showed how to detect 
futile cycles. Although this cell lives on a single carbon substrate, its metabolism 
represents a superposition of elementary flux modes. The proportions of the modes in 
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this combination depend on conditions such as oxidative stress (the higher this stress is, 
the higher will be the proportion of the modes involving the PPP), osmotic pressure of 
the extracellular medium, glucose starvation, oxygen pressure (depending, for example, 
on altitude), coagulation, malaria infection etc. Even if pure modes are not realizable in 
this cell, their detection is in line with the classical scientific methodology based on 
analysis, which in Greek means ‘decomposition.’ An illustrative analogy is the 
decomposition of sounds into pure harmonics. 
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INTRODUCTION 

Glucose uptake in enteric bacteria is catalysed by the phosphotransferase system 
(PTS), a complex system of proteins responsible for the sequential transfer of a 
phosphoryl group from phosphoenolpyruvate (PEP) to the glucose molecule, which is 
phosphorylated concomitantly with the uptake process (reviewed in [1]). The glucose 
PTS consists of three cytoplasmic proteins (Enzyme I or El, HPr and IIA°') and a 
membrane-bound protein (IICB°"), the actual glucose “permease”. The five 
phosphotransfer reactions of the PTS can be summarised as follows, with “P” 
representing a phosphory] group: 


(a) El + PEP <> EI -P + pyruvate (b) EI-P + HPr <> HPr-P+El 
(c) HPr-P+IIA% <> IIA -P+HPr (d) WAS -P + IICBS <> ITAS" + IICBS -P 
(e) IICB“ -P + Glc,,, <> IICB™ + Glc6P,, 


Each PTS component can thus exist in a phosphorylated and an 
unphosphorylated form. Apart from catalysing glucose uptake, the PTS component 
IIA°" is also a signal transducing protein. The phosphorylated form activates adenylate 
cyclase, whereas the unphosphorylated form inhibits proteins involved in the uptake 
systems for lactose, maltose, melibiose and glycerol by stoichiometric binding to these 
target proteins. This prevents the alternative carbon sources from entering the cell and 
inducing their own catabolic operons; hence the inhibition process is named “inducer 
exclusion”. Activation of adenylate cyclase and inducer exclusion together account for 
catabolite repression and the preferential use of PTS carbohydrates above non-PTS 
carbon sources by enteric bacteria [1,2]. 

In the case of the glycerol uptake system, IIA binds to the target protein 
glycerol kinase [3-5]. (Because glycerol is taken up by facilitated diffusion [6], 
inhibition of glycerol kinase, the first enzyme in the catabolic pathway, will prevent the 
intracellular accumulation and metabolism of glycerol.) The crystal structure shows that 
four IIA°® molecules bind to a glycerol kinase tetramer [7] with a Zn(II) ion 
coordinated in the binding site [8]. Because IAS sequestered in a complex with 
glycerol kinase is unable to partake in the phosphotransfer reactions of the PTS, we 
recently investigated experimentally whether the PTS in turn could be inhibited by 
glycerol owing to decreased amounts of available WAS Indeed, the extent of inhibition 
of PTS-mediated uptake correlated with intracellular levels of glycerol kinase [9,10], 
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demonstrating a “retro-regulation” of the PTS and extending the notion of dominance 
by the PTS in regulating carbohydrate metabolism to one of multidirectional signal 
transduction. 

In this report we extend our previous kinetic model of the PTS ((9]; Rohwer, 
J.M., Meadow, N.D, Roseman, S. and Postma, P.W., in preparation) to include binding 
of IIAS to glycerol kinase. We show that, when Ky values in line with experimental 
literature data are assumed for this binding equilibrium, significant inhibition of the 
calculated PTS flux occurs with increasing total glycerol kinase concentrations. 


METHODS 

All numerical simulations were performed on an IBM-compatible PC with the 
metabolic modelling package SCAMP [11], and the results were checked with Gepasi 
[12]. Our previous detailed kinetic model of PTS-mediated uptake [9] was extended by 
including four binding equilibria between a glycerol kinase tetramer (GlpK) and 
unphosphorylated ITA”. The intrinsic dissociation constants for these steps are K, to 
K4, as follows: 


GipK 1A < AL 5 Gipk + 11A% 
GipK - (114%), « “2-5 Gipk-11A% + 1A 
GipK -(1A%), “5 Gipk - (1A), +A 


GipK -(1A%), “+ 5 Gipk.- (11), +11A% (1) 
First, the binding sites were assumed to be independent, and all the intrinsic dissociation 
constants were taken equal to an average dissociation constant Kz. Next, positive 
cooperativity in binding was simulated by modulating the intrinsic dissociation 
constants X; with a factor o as follows: 

K,->K,@ K,->K,a 

K,—> K,/a K,>K,/a@ (2) 
This leaves the average dissociation constant K, = UK\K,KK, unchanged. The model 
was used to calculate the PTS activity as a function of increasing total glycerol kinase 
concentrations for @=1 (no cooperativity), 2 (moderate cooperativity) and 100 
(approximating “infinite” cooperativity between the binding sites of the glycerol kinase 
subunits). We verified that the results for a= 100 closely matched those of a Hill 
mechanism (i.e., a single binding equilibrium in which four IIA”™ species bind 
simultaneously to a GlpK tetramer with a dissociation constant of Kz). 


RESULTS AND DISCUSSION 

The dissociation constant for ITA“ and glycerol kinase has not been determined 
experimentally, but K; values of glycerol kinase for ITA” have been reported [8]. 
Although it is not immediately apparent what such a KX; value means in terms of the 
binding of four ITA°* molecules to a glycerol kinase tetramer, we equated K; with Ky 
(the average dissociation constant) for simulation purposes. Furthermore, the above Kj 
value has been shown to decrease from 16.6 to 0.28 pM as the Zn(II) concentration in 
the assay was increased from zero to 0.1 mM [8], confirming a role for Zn(II) in the 
binding site. 
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Figure 1. Calculated inhibition of PTS activity with 
increasing total glycero] kinase concentrations. The 
interaction of glycerol kinase and IIA°" was simulated 
as described under Methods for the indicated values (in 
pM) of the average dissociation constant Ky. Other 
model parameters are taken from [9]. The uninhibited 
reference flux was 25.9 mM min”. 


First, we calculated the 
inhibition of PTS activity as a 
function of increasing total glycerol 
kinase concentration using different 
values of the average dissociation 
constant Kz (Fig. 1). In this simulation 
we assumed the binding sites on the 
glycerol kinase tetramer to be 
independent and not to’ exhibit 
cooperativity. The model shows that 
significant inhibition of PTS activity 
(i.e., around 60%, which was also 
found experimentally [9,10]) was only 
observed when the Kg equalled 
0.28 wM. Hardly any inhibition was 
observed when Kg was taken as 
10M. Of course, the extent of 
inhibition might have been greater if 
we had increased the total glycerol 


kinase concentration to higher levels. However, it seems unlikely that the intracellular 
glycerol kinase concentration should increase above that of ITA°° (40 uM) after 
growing the cells on glycerol for only 3 h as in the experimental protocol [9,10]. The 
modelling result thus confirms that tight enough binding between glycerol kinase and 


TIAS requires the presence of Zn(II) ions. 


K,=0.28 


2 
ceo 
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Figure 2. Sequestration of IAS by glycerol kinase. 
The fraction of IIA°* bound to glycerol kinase is 
shown for the different Ky values. Simulation 
conditions were as in Fig.l. The total IA‘ 
concentration was kept constant at 40 pM. 


Next, we calculated the 
fraction of the total amount of HAS" 
that was bound to glycerol kinase for 
the different Kz values (Fig. 2). 
Although some 32% of the total 
IAS was sequestered at a_ total 
glycerol kinase concentration of 
40 uM for a Kg of 10 uM, the PTS 
activity was almost unaffected 
(Fig. 1). This illustrates the important 
point that the flux-response coefficient 
[13] of HAS" in PTS-mediated uptake 
is zero at normal levels of this 
enzyme, as determined experimentally 
[14] and verified by kinetic modelling 
[9]. In order for the PTS activity to be 
inhibited by any significant extent— 
ie, for IIA% to become flux- 
controlling—at least 70 % of the total 
IIAS® must be sequestered into an 
inactive complex with glycerol kinase 
(cf. Figs. 1 and 2). 
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70 The fact that four IIA° 
molecules bind to a glycerol kinase 
tetramer suggests that the binding 


$ 
= ” process may be cooperative. Indeed, a 
40 sigmoidal curve was obtained when 
£ determining the inhibition of glycerol 
3” uptake as a function of varying IIA“ 
z 2 concentrations in vivo [I5]. 
| 7 Go Simulation of cooperative binding by 
increasing the factor a resulted in a 

0 + steeper inhibition curve for the lower 

i) 5 10 15 20 25 30 35 40 


glycerol kinase concentrations but a 
lower maximal extent of inhibition at 
higher glycerol kinase concentrations 
(Fig. 3). The sigmoidal nature of the 
inhibition curve also increased with 
greater cooperativity. The 
experimental inhibition data [9,10] 
could be approximated equally well by a straight line or a slightly sigmoidal curve, but 
not by a strongly sigmoidal curve (cf. Fig. 3 for 0 = 100). While some cooperativity in 
binding may thus be present, the model seems to rule out strong or infinite cooperativity 
in the binding of IIA°" to glycerol kinase. 


IGIpk}., (uh) 
Figure 3. Effect of cooperative binding between IIA°* 
and glycerol kinase on the inhibition of PTS activity. 
Dissociation constants were modulated with the 
cooperativity factor a as described under Methods. 
K,= 0.28 wM. Other parameters were as in Fig. 1. 


To analyse the effect of 
cooperativity in more detail, we 
calculated how changes in the 


3 . cooperativity factor a would affect the 
3 0g fraction of IAS sequestered by 
F: glycerol kinase (Fig. 4). Stronger 
% 04 cooperativity resulted in a sharper 
s increase in the amount of MA° 
E 02 sequestered in an inactive complex at 
the lower _ glycerol kinase 

0 concentrations, but the maximal 

0 5 0 15 2 2 30 35 40 amount of IIA° sequestered was 


lower (Fig. 4 for « = 100). This was in 


[GIpK],. (uM) a 
agreement with the lower maximal 


Figure 4. Effect of cooperative binding on the 


sequestration of IIA°* by glycerol kinase. The fraction 
of IIA° bound to glycerol kinase is shown for 
different values of the cooperativity factor a. 
Simulation conditions were as in Fig. 3. 


extent of inhibition of PTS activity 
Fig. 3). 


To summarise, we have been 


able to mimic experimental results of inhibition of PTS activity by glycerol kinase with 
a detailed kinetic model using realistic parameters. This provides further insight into the 
mechanism responsible for such a mode of inhibition, ie., sequestration of the PTS 
component IIA“ into an inactive complex. Indeed, these results may serve as a general 
example for analysing regulation through sequestration of enzymes by protein-protein 
interactions in signal transduction pathways. In contrast to a hierarchical mode of 
regulation, we observe that the regulator can be regulated itself. 
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INTRODUCTION 

Dating from the work of Chakrabarty [1], there is much current interest in what 
has become known as Metabolic Engineering (e.g. [2-5]), i.e. in increasing by a directed 
mechanism (usually by rDNA technology, [6]) the concentrations or activities of 
enzymes in a pathway of interest, with a view to increasing the flux towards desirable 
products (or eliminating undesirable ones). However, if this is to be done rationally, one 
must have a way of targeting those metabolic steps that are to have the greatest effect on 
the fluxes of interest. Metabolic control analysis (MCA) seems to be one good 
candidate for such a purpose [7-12]. Notwithstanding the power and utility of these 
approaches, however, their take-up amongst biotechnologists has been less than 
widespread, due arguably to three main factors: i) some of the mathematics 
underpinning MCA is rather recondite from a biochemical point of view, ii) MCA is 
exact only for small changes in parameters such as enzyme concentrations (although in 
favourable cases its approximations for "large" changes may be good, [13, 14]), and iii) 
it is normally necessary to perform an extensive series of experiments to find out the 
distribution of the control of flux in a metabolic pathway between different enzymes 
before knowing which one(s) might be best to clone (see e.g. [15-18]). Here we show 
that a practical way of overcoming these limitations is to analyse the properties of an 
appropriate model of the pathway of interest using computer simulation. We have 
developed [19, 20] and are currently extending a user-friendly metabolic simulator 
(Gepasi) that is suitable for performing "what if?" experiments in numero prior to 
undertaking a series of difficult and possibly misguided experiments. The full 
specification of this software and related material is available over the Internet at 
http://gepasi.dbs.aber.ac.uk/softw/gepasi.html. There are numerous uses for a friendly 
simulator of this type, including those in education. Here we illustrate how numerical 
optimisation methods, recently introduced in Gepasi, can be used as a tool for rational 
metabolic engineering through the analysis of the steady-state behaviour of a 
hypothetical model of a branched pathway. 


MODEL AND METHODS ; 
We analyse the branched pathway depicted in Fig. 1. Our interest is to find 


conditions for which the flux towards P] is high. We note that the structure of this 
pathway and the kinetics of its enzymes are such that it is almost impossible to guess 
the behaviour of this system by intuition. Apart from the conservation of the cofactor 
moiety ([A]+[AH]=constant), the first enzyme on the branch of interest is substrate- 
inhibited and the AH form of the cofactor is a modifier of the first enzyme of the other 
branch (following the Botts-Morales mechanism [21], AH can be either an activator or 
inhibitor depending on the values of the kinetic constants). 
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For this study we assume that we possess the technology to change enzyme 
concentrations (by cloning) and to do site-directed mutagenesis on the enzymes so that 
we could manipulate their kinetic parameters. The problem is what parameters to 
manipulate to obtain i) high flux to P1 with low flux to P2 and ii) high flux to Pl 
without affecting the flux to P2. In both cases we limit the adjustable parameters by 
specifying upper and lower boundaries, in addition ij) is also constrained by a fixed 
value of the flux towards P2. We defined the pathway in Gepasi, attributed arbitrary 
numerical values to the various parameters, simulated its steady state and took this as 
the reference state (our wild type strain). Then we selected 35 parameters to be potential 
targets for manipulation: all the enzyme concentrations, the total concentration of the 
cofactor plus 28 kinetic parameters (all those for the ordered Bi Bi enzymes, and all 
those related to the action of M2 as inhibitor of E3 and AH as modifier of E6. We allow 


these parameters to be adjusted to values within 3 orders of magnitude on either side of 
the “wild type” value. 


Og M3 ~~ M4—>PI 
El E2 AH A 


Figure 1 - Scheme of pathway analysed in the text. Arrows represent the enzymatic 
steps and point to the forward direction of flux, all reactions are chemically reversible. 
Dotted arrows represent regulatory effects, the symbol +/- indicates that the effect can 
be either of activation or inhibition. El, E5 and E6 follow reversible Michaelian 
kinetics; E2, E4 and E7 follow ordered Bi Bi kinetics in which the cofactor is always 
the first to bind and the last to be released (this mechanism has 10 kinetic parameters); 
E3 is inhibited by its own substrate (i.e. M2 binds both the active and an inhibitory 
sites) and E6 follows the general Botts-Morales modifier-type kinetics, in which the 
modifier can be an inhibitor or activator depending on the values of the kinetic 
parameters (7 in total). We took the reference state to have all kinetic constants, enzyme 
concentrations and total concentration of the cofactor ([A]+[AH]) equal to 1. The 


equilibrium constants of all steps are also 1, and are not changed in any simulation. All 
values are in arbitrary units. 


In the most recent version of Gepasi we have devised an interface that allows the 
program to combine numerical optimisation algorithms with steady state or time course 
simulations. Apart from applications of the type described here, this also allows the 
program to carry out robust parameter estimation (fitting). This combination of 
optimisation and simulation has been implemented in such a way that many different 
optimisation algorithms can be used to attempt to solve a problem. This is an advantage 
as in numerical optimisation there is no single algorithm that is best for all kinds of 
problems [22]. The ability to apply several of these is then almost a necessity for any 
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moderately complex problem. In particular when the number of adjustable parameters is 
large (e.g. more than 10) or when the property to optimise is non-linear there is the high 
probability that there will be many local optima. For the pathway of Fig. 1 we have 
applied the following optimisation methods: random search, the Hooke and Jeeves 
direct search [23], steepest descent, a limited memory .bounds-constrained quasi- 
Newton method (L-BFGS-B) [24], and a genetic algorithm [25-27]. 


RESULTS AND DISCUSSION 

We want to maximise the steady-state flux of step 5 (J5) subject only to bound 
constraints on the adjustable parameters. Using the new version of Gepasi we applied 5 
different optimisation algorithms to this problem. Analysis of the results summarised in 
Table 1 reveals that the best estimate for the maximum (J5=294.24) is 5 orders of 
magnitude higher than the “wild type” and it was obtained with the direct search 
method of Hooke and Jeeves. This is a local optimisation method that does not require 
information from the gradient of the objective function; rather at each iteration it 
generates a new search direction using a heuristic based on the results of a few previous 
iterations. The second best solution was obtained with the genetic algorithm, with a 
value of JS only 2% lower than the best estimate. This method required only 10% the 
number of simulations carried out by the Hooke and Jeeves method. The two gradient 
descent methods (steepest descent and L-BFGS-B) performed very badly (albeit still 
ten-fold higher than the “wild type”). 


Table 1 - Performance of several optimisation methods for the maximisation of the flux 
to P1 (J5) with simple bound constraints on the adjustable parameters. The wild type 
entry refers to the initial state before applying the optimisation. The last column lists the 
number of simulations that the optimisation method required to reach the solution. 


JS J8 [A]/{AH] 
s 


Wild type 0.021139 | 0.033821 0.17651 
Steepest descent 0.23389 0.060530 PO.2811t | 
L-BFGS-B 0.34677 0.31353 0.61628 
Hooke & Jeeves | 294.24 | 1.3310 x10” | 0.60946 
Genetic algorithm | 288.44 0.0050157 | 0.60550 
Random search 3.5908 0.012252 0.57515 


Comparing the parameter values of the “wild type” with our best solution we 
conclude that the optimal value of J5 was obtained by setting the concentration of all 
enzymes to their upper boundary value (1000) except E6 which was set to its lower 
boundary value (0.1). Interestingly this results in the finding that the only enzyme of the 
branch to P2 to have control over J8 is E6 (with a unity flux-control coefficient). 
However E1-E5 also control J8 but their flux-control coefficients cancel each other. If 
one were to engineer this pathway to increase the flux by 5 orders “e eo Sor the 
same concentration of substrate one would have to: i) jess ig aes except 
E6 which must be under-expressed, if) engineer all enzymes ee t they become as 
sensitive as possible to their substrates and products (i.e. Kn as low as raga lif) 
engineer the three Bi Bi enzymes such that their inhibition seemed 2 the second 
substrate and the first product are increased 1000-fold, but the one of the first substrate 


715 
54195 
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only 100-fold iv) reduce the strength of inhibition of E3 by its own substrate, v) increase 
the sensitivity of E6 towards its modifier (AH) and in such a way that it becomes an 
inhibitor. 


Table 2 - Performance of several optimisation methods for the maximisation of the flux 
to Pl (J5) subject to the constraint of flux towards P2 to be within 5% of the wild type 


value. 
ee 


Wild type 0.021139 | 0.033821 =| 0.17651 
Genetic algorithm | 23.385 0.033653 a 58172 a 
1.0846 0.033334 0.33144 100000 


More interesting, from a biological point of view, is the case where we want to 
maximise the flux towards P1 while keeping the competing flux to P2 essentially 
unchanged. In this case we have a constraint on one of the variables of the model and 
unfortunately only a couple of the optimisation methods can deal with this (random 
search and genetic algorithms). To implement this constraint we have instructed Gepasi 
only to allow solutions for which 0.032<J8<0.034 (roughly the “wild type” value +/- 
5%). Our best estimate for the maximum is 3 orders of magnitude higher (but this may 
actually be far from the true maximum) which is a considerable improvement. The 
genetic algorithm performed much better than the random search, as we anticipated. 
Interestingly, for this constrained solution the concentration of both E6 and E8 is 
reduced but not that of E7. The latter has a substrate and product common to the flux 
being maximised. 

Optimisation of biochemical models is inherently a hard process due to the high 
dimensionality of the search space. If one were to examine the model above with a 
brute-force method (that examines all combinations of n values of each parameter) one 
would have to execute n®> simulations. It is obvious that such a solution is prohibitive, 
even on the fastest computers and for small n. Additionally, in such a high dimensional 
search space there are almost certainly numerous local optima, due to the high non- 
linearity of some of the kinetic functions. Even if multiple optima are not present, there 
will be large flat regions of parameter space where methods based on gradients will halt. 
We have reasons to believe that this is what happened with the gradient descent 
methods in our first example (see Table 1). 

We hope that the by making available our software, biochemists who do not 
necessarily wish to develop this level of expertise in numerical analysis and computer 
programming can still benefit from the use of simulation-optimisation strategies. 
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INTRODUCTION 


Recently, experimental evidence has been presented for an accelerated 
interleaflet transport of lipids through pores formed by membrane integral peptides 
[1,2]. This type of transport may contribute to the fluxes of passive transmembrane 
movements determining the steady-state asymmetric lipid distribution between the two 
membrane monolayers. We investigate a kinetic model for such a transport mechanism, 
which shows some correspondence to classical models of single-file diffusion, that is, of 
particles moving in a spatially ordered way in the direction of transport [3,4]. Our 
modified model is based on a rather different picture of single-file transport which may 
fit better for the phenomenon of lipid translocation. A linear arrangement of lipids along 
the pore is assumed, which is not subject to diffusion of empty volume. Besides the 
hardcore repulsion between the lipids, there are no energy wells along the pore, that is, 
the restrictions of movement are alone due to the ordering inside the pore, and the 
entering and leaving of the lipids from and to the adjacent leaflets, respectively. 
Furthermore, exchange of the positions of neighboured lipids inside the pore are 
allowed at specified rates. The pore is considered to be formed by either /—1 or / lipids 
interacting with the membrane spanning protein. The kinetic constants are assumed to 
be independent of the species. Hence, changes of content and ordering inside the pore 
leaves the rate constants unchanged. A quasi-steady-state approximation for all different 
forms of the pores allows to derive expressions for the pore-mediated fluxes of lipids. 
For the case of a narrow pore, where no neighbour exchanges occur, a closed expression 
for the lipid fluxes is given for an arbitrary pore-capacity / and an arbitrary number of 


lipid species. 
METHODS 


From the above given basic assumptions the following kinetic scheme for the 
pore involved processes emerges: 


ke kt 
Pl + j° Ply, = Py + f° Py (1a,b) 
ke ke 
q 
Pye gy > Pkyy Phy (1¢,d) 
P q 


where i, j =1...5. The upper index of the pore symbol P refers to the number of lipids 
contained in the pore. The upper indices c and e of the lipid species symbol j denotes 
the leaflet in which the lipid is located (c=cytoplasmic, e=external). The symbols X and 
Y denote (sub-)sequences of species indices. Taking into account the processes depicted 
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7D 


in scheme (1a) one arrives at the following differential equation for the time dependence 
of the concentrations of the lipids in the cytoplasmic leaflet 

d 

= Nf =-NfkI> Pr +key Ph (2) 

Z x 

Besides an analogue differential equation for the concentrations in the external leaflet e, 
further kinetic equations arise from processes (la-d) for the concentrations of the 
different forms of the pore. Making a quasi-steady-state assumption for all forms of the 
pore allows for derivation of kinetic equations for the lipids by computer algebra, for 
example, with MATHEMATICA. 


RESULTS 
The complexity of the kinetics is very much increasing with the pore capacity /. 


However, at vanishing neighbour-exchange ( p=q =0) the kinetic equations simplify 
for arbitrary pore capacity to an expression 
azat ve} we/we (ethene) e/NE 5 
=z _ peg 
(a> ky + kENE +kENE)S (cat) (esate) 
j=0 
which is linear in the lipid specific concentrations N;** and non-linear (for />1) in the 


total leaflet concentrations N“° =) Ne . Assuming constant, species independent 
mechanical forces during jumps into and out of the pore, one may include the effects of 
lipid compression under transport due to volume (surface area) restrictions of the 
leaflets in a symmetrical way as 


kt, =k* etx /4RT , 6 pret x r/ART (6) 


JP =P 


i 


xmech — _2a(N°—N*/N represents the mechanical force of lateral compression due 
to translocation of lipids [5,6]. Simulation of lipid redistribution through pores is done 
with the use of Eq. (5), taking into account a further type of passive transport as well as 
active inward transport of aminophospholipids [7]. This additional passive transport is 
considered to be a pore-independent lipid flip-flop [8], which is described by 


JfiP- for — k* NE —kF Nf. (7) 
The flip-flop rate constants k* obey modifications of their mechanical equilibrium 
values kf as (see [6]) 
ki a hf oF PaRT (8) 

Active transport of phosphatidylserine (PS) and phosphatidylethanolamine (PE) by a 
translocase is (for simplicity linearly) modelled with uni-directional fluxes as 

Jf" wl Ny , i=PS,PE. (9) 
For the cytoplasmic lipid concentrations the kinetic equation 

aL = Spt Sf MP + Sf (10) 


is used for simulation of the redistribution of lipids upon activation of the translocase, as 


well as after its inhibition (setting [ps pp =9 at t>10000min ). The resulting time- 


a5] 


course of normalised cytoplasmic lipid concentrations, obtained from numerical 
integration of Eq. (10), is displayed in the figure. All parameter values and further 
abbreviations are given in the table. The requirement for a slow movement of SM, 
which is assumed to have almost no pore independent flip-flop, restricts the capacity of 
the pore to be /~7. This estimation is based on a relation between diffusion- and 
coupling-coefficients of linear flux-force relations (see [5]), which is obtained by 
linearization of Eq. (5) near equilibrium (more details for different kinetic schemes 
presented in [6]). The dash-dotted line represents the deviation of the flip-flop rate 
constants from their symmetrical equilibrium value due to mechanical effects (see 


Eq. (8)) 


0.9 
0.8 1.6 
0.7 
0.6 \ 1.2 


0.3 
0.2 0.4 
SM 
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0 5000 10000 15000 
ume [min] 


Parameter values for the simulation of the human erythrocyte 
lipid asymmetry 


/1312min™ 


1/84000min=! 


* see [5] 
* modifications due to (6} 


Abbr. PC: phosphatidylcholine, 
SM: sphingomyelin, Ch: cholesterol 
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DISCUSSION 


The resulting expressions for the fluxes in Eq. (S) open a route for 
experimentalists to determine pore-capacities by analysing fluxes of various particle 
species and their non-linear dependencies on the difference of the total leaflet lipid 
concentrations. The presented procedure for an incorporation of lateral mechanical 
compression into kinetic constants of translocation is highly relevant for an explanation 
of the recent experimental findings of an enhancement of lipid flip-flop under 
mechanical manipulations [9]. Probably the imbalance of flip- and flop-rate constants of 
PC [10] may be due to the described mechanical effects. The very low steady-state flux 
of SM to the cytoplasmic leaflet [11] is explained by the fact that pores are primarily 
involved in counter-directed fluxes. The model may easily be generalised for particle 
fluxes through membrane pores connecting two solvent compartments, provided that no 
localised particle-pore interaction (binding sites) exists. For this, transmembrane electric 
potential differences and hydrostatic pressure differences should be incorporated in an 
analogue way as presented for the mechanical compression forces. Furthermore, the 
model gives a kinetic interpretation of the positive coupling of fluxes, which has been 
demonstrated to yield a realistic simulation by a thermodynamic modelling approach 
[5]. After linearization, expressions of the fluxes through the pore, caused by a net 
difference in total leaflet lipid concentrations, have similar a structure as the previously 
introduced compensatory fluxes [12]. 
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INTRODUCTION 

Human erythrocytes stabilize its volume precisely [1]. Despite numerous 
experimental and theoretical studies on regulation of erythrocyte volume regulation 
[2,3] the mechanisms of its stabilization are not understood well. Our previous model 
Studies examined the effects of putative involvement of Ca dependent potassium 
channels (K-channels) [4] and adenylate metabolism [5] in stabilization of erythrocyte 
volume against non-selective changes of membrane permeability for cations. This study 
is an attempt to combine the two mechanisms of human erythrocyte volume 
Stabilization in one mathematical model. We considered the effects of adenylate 
metabolism and K-channels on transmembrane ion fluxes as schematically shown in 
Fig. 1. 
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Figure 1. Schematic representation of the effects of adenylate metabolism and K- 
channels on transmembrane ion fluxes in human erythrocytes. Black circles stand for 
Na/K and Ca ATPases. The rectangle denotes a K-channel. Solid lines show active ion 
fluxes and fluxes of metabolites. Dashed lines indicate passive ion and metabolite 
fluxes. Dotted lines indicate regulatory interactions. Plus and minus denote positive and 


negative influence, respectively. 


Mathematical Model 
Ion balance and erythrocyte volume are described by a set of equations which 


was taken from [4]. Model includes equations for fluxes of Na, K and Ca across 
erythrocyte membrane, osmotic equilibrium in the system, electroneutrality and 
equilibrium distribution of permeable anions. 
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The expression Poy, = P cr) 
P CH oo 

shows how the permeability of K-channels depends on the concentration of Ca. It was 
obtained on the basis of the data described in [6,7].The parameters N and Kcy were 
varied when analyzing the model. 

Glycolysis is described by the following set of equations: 
ale ~} =U?-U> 
dt | aa i i 
Ci - concentrations of metabolites from G6P to PEP. 
U';, Uj - rates of metabolite synthesis and degradation, respectively. 
The expressions for rates of enzymatic reactions in this model were taken from [5,8]. 

In the model, adenylate metabolism is represented by a reaction of irreversible 
AMP synthesis and two irreversible reactions of AMP degradation. The dynamics of 
adenylate concentrations can be described by solving the following set of equations if 
we take into account the adenylate kinase equilibrium: 
d( Vv) 
4, ra = UgLycocysis ~ VATPASES ~ 2U AMP_SYNTHESIS 

0 


d( v- 
a(,¥ = VamP_SYNTHESIS ~ VamPpp ~ VAMPD 
dt\ Vo, 


Here e = 2[ATP]+[ADP] - energy pool, a = [ATP]+[ADP]+[AMP] - adenylate pool. 
VAMP_SYNTHESIS iS assumed to be constant (0.04 mM/h). This low rate of adenylate 
metabolism in human erythrocytes is optimum for maintaining the stable state of 
cellular metabolism [9]. vampp and Uampp denote the rates of AMP phosphatase and 
AMP deaminase. Regulation of the adenylate pool is assumed to be based on that AMP 
phosphatase is inhibited by AMP and activated by ATP [9]. This regulation provides an 
increase in adenilate pool under increase in activity of ATP-consuming processes.The 
AMP deaminase rate sharply increases with increasing AMP. This determines the 
greatest possible value of the adenylate pool. 


RESULTS 


Role of Ca-dependent potassium channels in erythrocyte volume stabilization. 

The contribution of K-channels into erythrocyte volume stabilization can be 
evaluated by setting rates of AMP synthesis and degradation equal to 0, because this 
excludes adenylate metabolism from the model. K-channels provide volume 
stabilization when the cell membrane permeability to cations changes in a wide range of 
its values. The stabilization effect is based on intracellular Ca concentration increase at 
non-selective increase of cell membrane permeability. Sequentially, K efflux from the 
cell increases and cell volume decreases. The volume stabilization range increases with 
increase in K-channel cooperativity and strongly depends on the K-channel affinity for 
Ca (Fig. 2). While the cell volume remains almost constant in erythrocytes containing 
K-channels, their intracellular Na, K, Ca and ATP concentrations change appreciably 
with changes of membrane permeability. The characteristic time of operation of the 
calcium mechanism of stabilization is several seconds; this time is required for the cell 
to establish a new intracellular Ca concentration. The volume approaches its stationary 
value monotonically, without overshooting. 
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Fig. 2. Dependence of the stationary 
erythrocyte volume on the normalized 
value of cell membrane permeability to 
cations (Q) for various values of the K- 
channel parameters and a constant value of 
the adenylate pool: N=4, Kc=0.35, 0.33, 
0.25, and 0.22 4M for curves 1, 2, 3, and 
4, respectively. The dashed line shows the 
results of solving the model from which 
equations describing adenylate metabolism 
and K-channels were excluded. 


6) 2 4 6 8 10 


Role of adenylate metabolism in erythrocyte volume stabilization 

The contribution of adenylate metabolism into erythrocyte volume stabilization 
can be evaluated by setting Pcy=0 and excluding equation for calcium exchange from 
the model. Over a wide range of changes in the membrane permeability, the stationary 
value of erythrocyte volume can be stabilized efficiently through regulation of adenylate 
metabolism (Fig. 3A). In this case, volume stabilization 


Fig.’ 3. Erythrocyte volume 
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Fig. 4. Dependence of the 
Stationary values of intracellular 


concentration (mM) relative Na/K-ATPase rate variables on the normalized value 
150 A 20 15 Cc of cell membrane permeability to 
he cations simulated using the model 
Kt 15 from which equation describing K- 
100 10 channels were excluded: (A) K and 
Na concentrations, (B) the 
10 adenylate pool and ATP 
concentration, and (C) the relative 
50 is 5 rate of Na/K ATPase. Circles on 
Na 5 curves indicate the physiological 
stationary state. 
0 0 0 
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results from stabilization of intracellular Na and K concentrations (Fig. 4A), which is 
achieved through regulation of the rate of Na/K ATPase. The important model 
assumption is that this rate depends on the ATP concentration. If the adenylate pool 
changes, ATP concentration and the rate of ATPase also changes (Fig. 4B, 4C). 

The volume stabilization effect of adenylate pool regulation is excellent only if 
the membrane permeability changes slowly, because the rate of adenylate metabolism in 
erythrocytes is slow. If the membrane permeability changes abruptly, the erythrocyte 
volume takes transient values that can be far apart from its stationary value, which is 
stabilized in erythrocytes (Fig. 3B). 


Combined effects of potassium channels and adenylate metabolism 

The model of volume stabilization describing contributions of both K-channels 
and adenylate metabolism does not differ from the previous models in the efficiency of 
stabilization of the stationary volume (Fig. 5A), but provides much less pronounced 
overshooting in the cell volume response to abrupt changes in the membrane 
permeability (Fig. 5B). This model also describes the stabilization of the stationary 
values of intracellular ion concentrations, which is provided by the effect of stimulation 


maximal dynamic volume deviation Fig. 5. Erythrocyte volume stabilization in the 
=n 12 B model describing the contributions of both K- 
channels and adenylate metabolism control. 
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of transport ATPases by increased ATP concentrations. The dynamic 
stabilization of cell volume during transient processes elicited by an abrupt change in 
the cell membrane permeability is possible in the model due to the operation of K- 
channels, whereas the stabilization of the stationary values of intracellular ion 
concentrations is maintained due to adenylate metabolism control. 
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Interestingly, the functional roles of K-channels and adenylate metabolism in 
erythrocytes are still unclear. The results obtained confirm the hypothesis proposed 
earlier [4,5] that these systems are of primary importance in erythrocytes, because they 
function to stabilize the erythrocyte volume and thereby provide the functional integrity 
and viability of erythrocytes. 
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INTRODUCTION 

The only abnormality found in many patients with nonspherocytic hemolytic 
anemia was a deficiency of one of glycolytic enzymes [1-3]. A decrease in GPI, TPI, 
and PGK activities was often reported. These enzymes are the so-called non-key 
enzymes whose normal activities are about 1000-fold higher than the rate of glycolytic 
flux. Surprisingly, but the activities of GPI, TPI, and PGK decrease by only 5-20-fold in 
hemolytic anemia. In other words, their activities are still higher by at least 50-fold than 
the rate of glycolytic flux. Therefore, it is unclear whether the deficiency observed is 
actually the cause of anemia. Earlier, the effects of glycolytic enzyme deficiency on the 
viability of erythrocytes have been studied by means of mathematical modelling [4,5]. 
The criteria for cell death used in these models were somewhat arbitrary. They included 
a considerable decrease in ATP and appreciable accumulation of glycolytic 
intermediates. Analysis of these models showed that the activities of HK, PK, and 
sometimes PFK and PGK decreased to the level observed in patients with 
nonspherocytic hemolytic anemia can actually lead to death of erythrocytes. On the 
other hand, the values of GPI, TPI, and, in certain cases, PGK activities in patients 
appeared much higher than the minimum predicted by the models at which cells remain 
viable (1% of the normal activity or less). Hence, a per se decrease in activities of these 
enzymes observed in anemia cannot be the cause of erythrocyte destruction. However, 
the discrepancy between the calculated permissible minimum values of activities of 
non-key enzymes and the values determined experimentally in anemia can be 
eliminated by the assumption that the deficient enzyme is unstable [4]. 

This study is an attempt to estimate the permissible minima of glycolytic 
enzyme activities and activity of Na/K-ATPase in erythrocytes using a model describing 
all reactions of glycolysis, adenylate metabolism, ionic balance, and osmotic regulation 
of the cell volume. The natural criterion for cell viability is such an increase in cell 
volume that impairs the rheology of erythrocytes and leads to their sequestration from 
the circulation or even lysis. We chose a 10% and 50%-values for this increase. Note 
that in the population of circulating erythrocytes, the maximum change in their volume 
observed experimentally was 10% of the normal mean value [6,7]. A 50% increase in 
the volume corresponds to osmotic lysis of the erythrocyte [6,7]. 


Mathematical model 

The model is a set of differential and algebraic equations describing ionic 
balance on extra- and intracellular concentration variables, glycolysis, and adenylate 
metabolism. The description of ionic balance includes differential equations for Na and 
K fluxes across the cell membrane and equations for the electroneutrality, osmotic 
equilibrium, and equilibrium partition of permeating anions between the cell and its 
milieu [8]. The description of glycolysis includes differential equations for all 
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intermediates (except pyruvate) [4,8,9]. The concentrations of pyruvate, lactate 
orthophosphate, and the sum of NAD and NADH concentrations are considered as 
constant. The adenylate metabolism is described by differential equations for ATP, 
ADP, and AMP and an equation for their equilibrium in adenylate kinase reaction. The 
equation for AMP describes its synthesis at a low constant rate and degradation, which 
is assumed to be proportional to the [ATP]/[AMP] ratio at physiological AMP 
concentrations [8] and to be accelerated greatly at high AMP concentrations. 

The equation for the i-th metabolite is taken in the following general form in the 
model: 


d ( XiV + = 

$()- 2Uin- LU 
n 

Here, Xi is the concentration of the i-th metabolite in the cytoplasm; V and Vo denote 


the current and normal (physiological) volumes of the erythrocyte, respectively. The 


functions Uy and Ui. describe the dependencies of the production and utilisation 


rates for the i-th metabolite on the concentrations of enzymes and metabolites (4,8,9}. 
The DBSolve package, which was kindly provided by Dr. I. Goryanin, was used 
to analyse the model. 


RESULTS AND DISCUSSION 

Analysis of the model showed that the erythrocyte volume increases after any of 
the glycolytic enzymes (except DPGM) drops to a certain minimum. The volume can 
increase because either the steady state is lost due to the inability of glycolysis to power 
active transport of ions (in HK, GPI, and PFK deficiencies) or the stationary 
concentrations of osmotically active metabolites of glycolysis increase (in TPI, PGK, 
DPGP, PGM, ENO and PK deficiencies). In ALD, GAPDH, and LDH deficiencies, an 
10%-increase in the volume results from accumulation of glycolytic intermediates, 
whereas a 50%-increase is a consequence of the loss of the steady state. If DPGM 
activity diminishes to zero, the erythrocyte metabolism and volume almost do not 
change. If ATPase activity decreases, the stationary Na and K gradients decrease, and 
the erythrocyte increase in volume. However, if ATPase activity increases (even 
considerably), the Na and K gradients change only slightly, producing almost no effect 
on the erythrocyte volume and metabolism. Table 1 shows (1) the minimum critical 
values of ATPase and glycolytic enzyme activities calculated for stable deficient 
enzymes whose activity is low and constant in time and (2) mean ATPase and 
glycolytic enzyme activities for erythrocyte populations with unstable deficient 
enzymes (their activities vary from normal values to minimum critical values with 
time). Interestingly, the critical minimum values of glycolytic enzyme activities 
obtained in this study and those calculated in [4,5] are similar, despite the different 
criteria for the viability of erythrocytes used. In hemolytic anemia with HK and PK 
deficiencies, the enzymatic activities measured in patients’ erythrocytes appeared close 
to the calculated critical minimum values. By contrast, the enzymatic activities 
measured in erythrocytes of patients with hemolytic anemia and GPI, PFK, TPI, or PGK 
deficiency were much greater, as a rule, than their calculated minimum values. Thus, 
these enzyme deficiencies are unlikely to be the cause of erythrocyte destruction and 
development of anemia if the deficient enzyme 1s stable. However, the discrepancy 
between the calculated and observed values can be explained if we assume that the 
enzyme is unstable. Suppose that entering the circulation, erythrocytes have normal 
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activity of the deficient enzyme, which decays exponentially with a time constant T 
from the initial value (ao) to the critical minimum (ac) 

a = aoexp(-1/T) 

When the enzymatic activity reaches the critical minimum, an erythrocyte dies. If this is 
the case, the measured activity is the cell population mean, which can be significantly 
greater than the critical minimum. Under the assumptions made, the mean value can be 
expressed as: 

am = (ao-cac)/In(ao /ac) 

Table 1 shows that the PFK and non-key enzyme deficiencies can result in destruction 
of erythrocytes and development of anemia only if these enzymes are unstable. The 
suggestion that their activity decreases exponentially is not critical. This decrease can 
follow an arbitrary law. Actually, the instability of the deficient enzyme can be found in 
most cases of 


Table 1. Comparison of ATPase and glycolytic enzyme activities for which the model 
predicts the erythrocyte destruction and those measured in erythrocytes of patients with 
hemolytic anemia: Normalised minimum critical values for stable enzymes (ac /ao) and 
mean values for unstable enzymes (am /ao). 


Model results Experimental 


Vo=T.1 data [1-3] 


Stable Unstable Stable Unstable 
enzyme enzyme enzyme enzyme 
(ac/ao) | (am/ao) | (ac/ao) | (am/ao) 

0.39 0.65 0.39 0.65 


0.06-0.60 
0.04-0.16 
0.016-0.20 
0.20-50 
0.05-0.20 


0.06-0.50 
0.03-0.40 


0.20-0.60 
Abbreviations. HK, hexokinase; GPI, glucosephosphate isomerase; PFK, 
phosphofructokinase; ALD, aldolase; TPI, triosephosphate isomerase; GAPDH, 
glyceraldehyde phosphate dehydrogenase; PGK, phosphoglycerate kinase; DPGM, 
diphosphoglycerate mutase; DPGP, diphosphoglycerate phosphatase; PGM, 
phosphoglycerate mutase; ENO, enolase; PK, pyruvate kinase; LDH, lactate 
dehydrogenase; ATPase, transport Na,K-ATPase; DAP, dihydroxyaceton phosphate. 


hemolytic anemia associated with glycolytic enzyme deficiencies [1-3]. The suggestion 
that the deficient enzyme is unstable also accounts for certain changes in metabolite 
concentrations observed in erythrocytes (e.g., extremely high DAP concentration in TPI 
deficiency; Table 2). 
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The measured activity is sometimes lower than the calculated critical minimum 
(HK, ENO, and PK deficiencies). This can be explained by the low rate of erythrocyte 
destruction in the circulation. The characteristic time of changes in the erythrocyte 
volume is about 100 h in the model. Therefore, even if the activity of the deficient 
enzyme is several times lower than the calculated critical minimum, the time it takes an 
erythrocyte to swell to the critical volume is on the order of several days (Table 3). 


Table 2. DAP concentrations and cell volume for various TPI activities in erythrocytes. 
Mean values for unstable TPI were calculated under the assumption that the 
concentrations of metabolites change quasistationarily as the enzyme activity decreases; 
I and II denotes the means calculated for ac /ao=0.00046 and ac /ao=0.00039, 
respectively. 


Model results 
Unstable enzyme, | Experimental 
mean values data [10] 


Table 3. Time it takes erythrocytes to swell to the critical volume values after the PK 
activity have dropped abruptly from the normal value to the value indicated. 


These results demonstrate that the existing mathematical models describe the 
erythrocyte glycolysis adequately and can be used for analysis of impairments caused 
by glycolytic enzyme deficiencies. It is important for this analysis that the potential 
instability of the deficient enzymes and the distribution of experimentally determined 
parameters in cell population were taken into consideration. 
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INTRODUCTION 

Non-enzymatic oxidation of semiquinone by oxygen in the Q-cycle is a major 
source of superoxide radicals (Gf) in mitochondria respiring on succinate. Increase in 
semiquinone concentration increases the rate of superoxide production. The 
transmembrane electric potential, A‘, inhibits the oxidation of semiquinone to 
ubiquinone in the Q-cycle (see Fig.1) by suppressing the electron transfer between 
hemes of bc; complex (and, consequently, respiration rate). Thus, inhibition of AY- 
consuming reactions leads to an increase in superoxide production rate and a decrease in 
the respiration rate. Such a situation occurs, e.g., during State 3 - State 4 transition. To 
study how the ability to produce G@ depends on AY and to understand how the 
concentrations of mitochondrial enzymes can be adjusted to minimize Gf production 
and maximize the respiration, we developed a mathematical model of oxidative 
phosphorylation in mitochondria. Using this model, we described the mitochondrial 
State 3 - State 4 transition and calculate control coefficients of all enzymes of energy 
metabolism over two selected fluxes: the respiration and superoxide production. 


MATHEMATICAL MODEL 
A mathematical model of mitochondria respiring on succinate consists of the 


Avy producing reactions of the respiratory chain including succinate ubiquinone 
reductase (SUR), bc; complex, cytochrome oxidase and the following Any consuming 
processes: (1) ATP synthesis, catalyzed by H’-ATP-synthase; (2) translocation of 
adenine nucleotides, catalyzed by the adenine nucleotide translocator; (3) symport of 
inorganic phosphate and a proton, catalyzed by the Phosphate carrier; (4) H* - leakage; 
(5) K* - leakage; (6) electroneutral exchange of K” for H ; catalyzed by K'/H’- 
antiporter. The model assumes that there are four electrogenic steps in the Q-cycle 
(Fig.1). One corresponds to the intramembrane electron transfer from heme bss (low 
potential heme 4; ) to heme ds¢o (high potential heme 5) ) and contributes 80% of the 
total electrogenesis. Three other steps account for the proton translocations in reactions 
of semiquinone dismutation and ubiquinol oxidation and contribute 20% only [1,2]. In 
addition, we took into consideration the electrogenic steps in cytochrome c oxidase 
reaction and in the processes (1) - (5) listed above [3,4]. The present model of 
mitochondrial free-energy transduction also considers ion balances and the buffering of 
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the proton concentration by mitochondrial matrix proteins [3,4]. The description of the 
reaction rates and the parameter values are given elsewhere [5,6]. 


Qe--———-0 


Succ— 1 Fum 


FIGURE 1. Kinetic scheme of the initial segment of the respiratory chain. Qs, Qn P 
(QH2)p and Q,, oO. (QH2), are quinone species at the external positive (p) and internal 
negative (n) side of the inner mitochondrial membrane, respectively. bss6, bs6o are the 
low and high potential hemes of cytochrome b. Iron sulphur protein (ISP) and 
cytochrome c; are shown. 


RESULTS AND DISCUSSION 

The external ADP concentration was a parameter, which varied from 0 to 20 ».M 
to model the State 4 - State 3 transition. Fig.2A shows how the level of A‘Y changes 
with variation of ADP. Fig.2B shows how the respiration and superoxide production 
rate varied with the electric potential. The results suggest that Of -production rates 
increases dramatically with increase in AY in the range from 150 to 180 mV and at state 
4 this rate should be much higher than in state 3. 

To study the ability of mitochondrial enzymes to control the oxygen 
consumption and superoxide production rates, we determined the control coefficients of 
these enzymes over the corresponding fluxes. The control exerted by ATP/ADP 
translocator over the respiratory flux is positive (Fig. 3A) and it is negative over OF - 
production flux (Fig. 3B). The control coefficient of proton leak over oxygen 
consumption increases with AY and becomes substantially positive (Fig. 3A) and the 
control coefficient of proton leak but over superoxide production is negative and close 
to zero (Fig. 3B). Therefore, activation of these enzymes leads to an increase in oxygen 
consumption and to a decrease in superoxide production. One can explain this results by 
a decrease in A'Y due to the activation of ATP/ADP translocation or the proton leak. As 
shown in Fig.2B, a decrease in A‘ leads to an increase in the oxygen consumption and 
to a decrease in superoxide production. 
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FIGURE 2. Oxidative phosphorylation and O; -production in coupled mitochondria: A 
- dependence of AY on external ADP concentration; B - dependence of the relative rate 
of respiration (1) and of the relative rate of superoxide production (2) on AY 
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FIGURE 3. Control coefficients over oxygen consumption (A) and superoxide 
production (B) with respect to SUR (1), bc; complex (2), ATP/ADP translocator (3) and 
H’-leak (4). 


For respiratory enzymes, we found that control coefficients of the complex III 
over both superoxide production flux and oxygen consumption flux changed the sign 
and became substantially positive when A'V increased (Fig. 3). The control exerted by 
SUR on cf -production rate was positive in the entire range of A'Y (Fig.3B). Control 
coefficient of SUR over oxygen consumption rate changed from positive to negative 
values at very high AY (Fig.3A). To explain this phenomenon of negative control, we 
note that the reduction of Q, to (QH2), proceeds by two competing routes, i.e., either via 
succinate oxidation by SUR (step 1 in Fig. 1) or by taking electrons from the high 
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potential heme, b,, of bc; complex (step 7). At very high A'Y, the rate of the electron 
transfer between the hemes }b; and by, is strongly inhibited, and the bc; complex 
completely limits the respiration rate (the control coefficient is 1, Fig. 3A). An increase 
in SUR activity decreases the steady-state concentration of Q, regardless of whether 
external ADP concentration is low (Fig.4A) or high (Fig.4B). However, at high AY 
(Fig.4A), a decrease in Q, becomes critical for a further inhibition of Q-cycle and, 
consequently, the respiration rate. Fig. 4A shows that even a decrease in A'Y, 
accompanying a decrease in the respiration rate cannot release an inhibitory effect of a 
decrease in Q, at high AV. At low and normal AY an increase in SUR activity increases 
the rate of respiration (Figs. 3a and 4b). 
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FIGURE 4. Dependence of Q, concentration, membrane potential (AY) and respiration 


rate (RATE) on SUR activity at low (0.12 »M - 1) and high (12 M - 2) concentration 
of external ADP. 


Our analysis revealed the enzymes mainly contributing to the control of oxygen 
consumption and superoxide production at different mitochondria states. At low A'Y, i.e. 
in the range from 120 mV to 145 mV (State 3), SUR controls both oxygen consumption 
and superoxide production: the corresponding control coefficients are near unity. When 
A'¥ is in the range from 145 mV to 190 mV, ATP/ADP translocator limits the oxygen 
consumption, its control coefficient approximately equals unity [cf. 6]. There are four 
enzymes, which significantly contribute to the control of superoxide production flux, 
namely SUR, ATP/ADP translocator, bc, complex and cytochrome oxidase. Control 
coefficients of SUR and ATP/ADP translocator are approximately identical and differ 
by sign (SUR exerts a positive control) and sum of positive control coefficients with 
respect to complex III and cytochrome oxidase are approximately equal to unity. At 
high potential values, i.e. in the range from 190 mV to 220 mV, bc; complex controls 
both oxygen consumption and superoxide production fluxes. 
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INTRODUCTION 

Early studies found that succinate-supported free radical production of heart 
mitochondria is stopped after the addition of sufficient ADP to cause the energy 
transition from the resting State 4 to the respiratorily active State 3 [1,2]. This finding 
generated the widespread notion that mitochondria only produce free radicals in the 
resting State 4 condition. A lack of free radical generation in State 3 would eliminate the 
implication of mitochondrial reactive oxygen species in tissue damage during exercise 
and hypermetabolism. Nevertheless, increases in free radical concentration have been 
detected by direct ESR techniques in muscle during exercise [3-5] and in neurons 
during hypermetabolic excitotoxicity [6,7]. This constitutes a first “exercise” paradox. 

The simple idea that the rate of mitochondrial free radical production increases 
in proportion to the rate of oxygen consumption is frequently assumed without evidence 
about it. It is then difficult to understand how muscles could avoid a massive oxidative 
damage during an acute exercise bout -a situation which does not take place- if free 
radical production would immediately increase by 23-fold during exercise (as human 
skeletal muscle oxygen consumption does from rest to heavy work). This constitutes a 
second “exercise” paradox. In this work the control by ADP of free radical production 
and free radical leak were studied using both Complex II (succinate) and Complex I 
(pyruvate/malate)-linked substrates in rat heart and nonsynaptic brain mitochondria. 


METHODS 


Isolation of heart and non-synaptic brain mitochondria 

Ventricles were rinsed, chopped and homogenized in a Dounce with loose fitting 
pestle in 10 ml of isolation buffer (200 mM mannitol, 70 mM sucrose, 1 mM EDTA, 10 
mM Tris-HCl, pH 7.4) containing 5 mg of nagarse and 25 mg of fatty acid-free 
albumin. After standing for 1 min, 25 ml of additional isolation buffer containing 25 mg 
of albumin were added and homogenization was performed again with a tighter-fitting 
pestle. Mitochondria were isolated by a serial centrifugations at 700 g during 10 min 
(obtaining supernatants) and at 8,000 g during 10 min (obtaining pellets). The final 
mitochondrial pellets were resuspended in | ml of isolation buffer. Non-synaptic brain 
mitochondria were isolated by centrifugation in discontinuous 3%/6% Ficoll gradients 
following the method of Lai and Clark (1979) [8] with minor modifications [9]. 
Isolation procedures were performed at 5°C. Mitochondrial protein was measured by the 
Biuret method. 
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Mitochondrial oxygen consumption 

The rate of oxygen consumption was measured at 30°C in a water-thermostted 
incubation chamber with a Clark-type 0, electrode and Q; electrode and O, contro! box 
(CB1-D Hansatech) as described elsewhere [9]. After correction for nonmitochondrial 
oxygen consumption, respiratory control ratios higher than 5.0 (pyruvate/malate) and 
between 2.3 and 3.4 (succinate) were obtained. 
Mitochondrial oxygen radical production 

The rate of mitochondrial free radical production was measured following the 
linear increase in fluorescence (excitation at 312 nm, emission at 420 nm) due to 
enzymatic oxidation of homovalinic acid by H2O2 in the presence of horseradish 
peroxidase [10], modified to kinetically follow the rate of production of reactive oxygen 
species by isolated mitochondria [9] in a LS50B computer-controlled Perkin-Elmer 
fluorometer. 


Mitochondrial free radical leak ; 
The percent free radical leak was calculated as the rate of free radical production 


divided by two times the rate of O2 consumption, and the result was multiplied by 100. 


Statistical analysis . 
Differences were statistically analyzed with Student’s ¢ test. The minimum level 


of statistical significance was set at p < 0.05 in all the analyses. 


RESULTS AND DISCUSSION a 
Addition of ADP increased rat heart and nonsynaptic brain mitochondria oxygen 


consumption by releasing the phosphorylating State 3 respiration (data not shown). This 
ADP addition resulted in a strong decrease in the rate of succinate-supported free 
radical production of heart mitochondria in State 3 (Fig. 1A). A direct tracing ans 
the stop of rat heart mitochondrial free radical production induced by the ADP addition 


during the State 4 to State 3 transition is shown in Fig. 2A. 
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Contrary to what happened with succinate as substrate, the rate of free radical 
production of pyruvate/malate-supplemented heart mitochondria was not stopped by 
addition of ADP (Fig. 1A). Fig. 2B shows a direct tracing from a sample showing 
increases in pyruvate/malate supplemented free radical production after ADP additon. 

Nonsynaptic brain mitochondria supplemented with succinate produced very 
low levels of free radicals which were near to the limit of detection or did not generate 
detectable free radicals (results not shown). Similarly to what happened in heart 
mitochondria, addition of ADP to pyruvate/malate-supplemented nonsynaptic brain 
mitochondria did not significantly change the rates of free radical production (Fig. 1A). 
Measurement of mitochondrial free radical production has routinely been performed in 
the absence of ADP in many previous works, whereas ADP is present in resting tissues 
in vivo al low pM concentrations as calculated from >'!P-NMR data [1 1]. This stresses 
the relevance of the observation of free radical production even in the presence of 
saturating ADP levels (500 pM) in pyruvate/malate supported mitochondria. 
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Figure 2. Direct tracings showing the effect of ADP on free radical production of rat 
heart mitochondria with Complex II (A) or Complex I-linked (B) substrates during the 
stimulation of oxygen consumption from State 4 to State 3. 


Addition of ADP strongly decreased the free radical leak of heart mitochondria 
with both kinds of substrates and nonsynaptic brain mitochondria with pyruvate/malate 
(Figure 1B). This was due to the decrease (succinate) or moderate or no increase 
(pyruvate/malate) of free radical production together with the strong stimulation of 
oxygen consumption during the State 4 to State 3 transition. The decreased free radical 
leak in State 3 can be a protecting factor against acute oxidative stress during intense 
increases in respiration of aerobic tissues. The global effects of ADP on free radical 
production with both kinds of substrates can possibly explain in part the two apparent 
exercise (or hypermetabolic) paradoxes: a) there can be some oxidative damage during 
acute exercise -especially if untrained- and tissue activation because State 3 
mitochondria produce free radicals with Complex I-linked substrates; b) oxidative 
damage is not massive during activity, in spite of the strong increment in mitochondrial 
oxygen consumption and the low antioxidant capacity of muscles [5,12], heart [13], and 
brain [14], because the mitochondrial free radical leak strongly decreases during the 


372 


State 4 to State 3 transition. The lack of massive increases in mitochondrial free radical 
production in State 3 would be consistent with the observation that chronic exercise 
does not decrease longevity neither in rodents [15] or in humans [16]. 

It is well established that the rate of mitochondrial free radical production rises 
strongly when the degree of reduction of the respiratory chain electron carriers is 
increased [1,2]. The degree of reduction of the respiratory chain strongly decreases 
during the State 4 to State 3 transition at the same time that the rate of electron flow is 
increased [17]. Our results show that pyruvate/malate supplemented heart and 
nonsynaptic brain mitochondria avoid massive increases in free radical production 
during State 3 active respiration owing to their strong decrease in free radical leak. This 
probably results to a large extent from a lower degree of reduction of the Complex I free 
radical generator during intense electron flow in State 3. Free radical production with 
Complex I-linked substrates is maintained at comparable rates in States 3 and 4 since 
the decrease in free radical leak compensates for the increase in electron flow in State 3. 

In conclusion, since ADP stops free radical production with succinate but not 
with pyruvate/malate, Complex I must be the main or only source of oxygen radicals in 
State 3. Thus, Complex I is a main free radical generator both in the resting (State 4) 
and in the active (State 3) mitochondrial state. The results obtained here, showing that a 
moderate free radical production occurs with Complex I-linked substrates during ADP- 
stimulated mitochondrial active respiration (State 3), can help to explain the two 


exercise or hypermetabolic paradoxes. 
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A number of aspects of signal transduction have been investigated from a 
theoretical perspective, through the development of mathematical models describing the 
interactions of the various components of the system [1, 2, 3, 4]. These approaches have 
so far yielded only a ‘static’ view of the properties of signalling systems. Thus, in order 
to provide a dynamic simulation of the behaviour of signal transduction networks, the 
application of computer simulation techniques has been proposed [5]. 

A kinetic model of a signal transduction pathway is currently being developed, 
using existing biochemical kinetics simulation software (SCAMP, Gepasi) [6, 7]. The 
epidermal growth factor (EGF) transduction pathway has been selected as a suitable 
model system, as this represents the best characterised signal transduction cascade [8]. 
We are currently working on the simulation of the interaction of EGF with the EGF 
receptor, and the subsequent activation of the receptor. 

EGF is a polypeptide hormone that exerts its mitogenic effect through 
interaction with a specific membrane receptor (EGFR), which has intrinsic protein 
tyrosine kinase activity [9, 10]. The mechanism whereby EGF binding activates EGFR 
remains unresolved [8]. Two types of model have been proposed for the activation of 
the EGFR, both of which are supported by experimental evidence [11]. One is an 
intramolecular model [12], which asserts that the external binding of EGF induces a 
conformational change in the receptor that is transmitted through the transmembrane 
domain and activates the cytoplasmic tyrosine kinase activity [13, 14]. 

The alternative, more generally accepted model, is an intermolecular 
mechanism, in which the receptor is viewed as a membrane-associated allosteric 
enzyme [10], activation of which is controlled by aggregation [15]. Ligand-induced 
receptor oligomerisation is a property common to all growth factor receptors with 
tyrosine kinase activity [15, 10]. The precise molecular details of the phenomenon are 
still not entirely clear, although models for EGF-induced EGFR dimerisation have been 
developed, in which the dimer is formed by two monomeric EGF-EGFR complexes [16, 
17, 18}. 
Neal to the allosteric activation model is the premise that the dimerised 
receptor possesses elevated tyrosine kinase activity and enhanced affinity for EGF [15). 
Evidence has been presented that dimerisation parallels receptor activation and 
increases the affinity of EGFR for EGF [19, 20, 21, 22, 23]. Furthermore, it has been 
suggested that the high affinity state is predominant in mediating EGF signal 
transduction [19, 24, 25]. 

Scatchard analysis of EGF-EGFR equilibrium binding assays generally results in 
a plot showing negative curvature, which is usually associated with negatively co- 
operative binding [11]. However, non-linearity can also arise is if there is heterogeneity 
in the binding affinities of the receptors. Hence, this curvature is frequently ascribed to 
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the existence of two populations of the receptor which differ in their binding affinity for 
the ligand [15, 26]; a small population with high affinity for EGF and a large population 
with lower affinity [27]. Similarly, studies investigating the kinetics of EGF-EGFR 
interaction have suggested the presence of at least two affinity classes of EGF receptors 
[28, 25, 29, 30, 31]. 

These observations appear to support the conclusion that the high affinity state 
represents the dimeric form of the receptor whilst the low affinity state constitutes the 
monomeric form [15, 22, 23]. This interpretation may however be incorrect [11], as 
there is no direct evidence for two stable populations of EGFR with different affinities 
for EGF [25], and because such a model predicts that a Scatchard plot will exhibit 
curvature characteristic of positive cooperativity [16, 17], which is clearly inconsistent 
with the majority of experimental evidence [11]. Moreover, evidence has been 
presented which suggests that the emergence of high-affinity binding sites is 
independent of the oligomeric state of the receptor [32]. 

In order to account for the more typical negative curvature of the Scatchard 
binding plot, a model which is based upon negative cooperativity within a ligand- 
induced receptor dimer has been proposed [11]. Since aggregation is not an absolute 
requirement for receptor activation [12, 33], the assumption that ligand-induced 
dimerisation is a prerequisite for tyrosine kinase activation may be questionable [34]. 
Furthermore, high affinity receptors can be activated by EGF [24], hence dimerisation 
may not necessarily result in receptor activation. To account for this, a non-allosteric 
model has been presented [8] in which the high affinity subclass is proposed to consist 
of dimeric receptors in an intermediary inactive state, which can be fully activated only 
upon EGF binding [35]. Finally, a ternary complex binding model of EGFR activation 
has also been proposed [28], in which the high affinity state is equated with the 
association of the EGF-EGFR complex with a cell surface interaction molecule. 

It is apparent that there is some controversy surrounding the issue of binding to 
the high affinity EGFR, receptor dimerisation and activation, although experimental 
evidence clearly demonstrates a link between these events. In an attempt to address this 
issue, we are developing parallel simulations of EGF-EGFR interaction, based upon the 
allosteric model for EGFR activation and a number of the alternatives, in order to 
investigate any differences between them in terms of kinetic behaviour and regulatory 
properties. This approach may resolve the controversy, or at least provide supporting 
evidence for the most probable mechanism of EGFR activation. 
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INTRODUCTION 

The extent to which the transport of glucose across the cell membrane controls 
the glycolytic flux is defined as the relative change in the glycolytic flux as a result of a 
relative change in glucose transport activity under a defined set of conditions. In this 
study we took glucose consumption as a measure of the glycolytic flux. Consequently, 
we determined the control of the glucose transport step on the flux through the glucose 
transporters. 

Two characteristics of glucose transport have been used to change the transport 
activity specifically: 
- Maltose competitively inhibits glucose transport in Saccharomyces bayanus. 
- Extracellular glucose, the substrate of the glucose transporters, can be varied to 
modulate glucose transport activity [1], [2], [3]. 

Two approaches have been followed to derive the flux control coefficient of 
glucose transport from the experimental data: 
- Comparison of the steady state glycolytic flux with the zero trans-influx of glucose. 
- Determination of the response of the glycolytic flux to a change in the mathematically 
derived steady state glucose transport activity. 

When extracellular glucose is used to modulate the glucose transport activity, 
the control of glucose transport on the glycolytic flux may be written as: 


J __dinJ /dlnVtrans _ pJ 


/ Vtrans 

Vtrans ~ din Gaul Oln Gout Gout com iD 

The first term in equation | is the response coefficient and involves the determination of 
the glycolytic flux (J) as a function of extracellular glucose (Goy:). The second term, the 
elasticity coefficient, can be derived from the kinetic parameters of glucose transport. 
Under the conditions studied the kinetics of glucose transport fitted to a system with 
two components. Assuming two symmetric four-state-carriers, the rate equation of 
glucose uptake (i.e. the steady state activity of glucose transport) can be written as: 


1 1 
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The s and p in this rate equation are the concentrations of the substrate and product of 
the carrier, i.e. glucose outside and inside the cell, respectively. It is assumed that the 
glucose transport step is only connected to the rest of metabolism by the pool of 
intracellular glucose [4]. Vmax is the maximal transport activity of the corresponding 
component and K,, the Michaelis-Menten constant for glucose of the corresponding 
component. The "interactive constant" a is a constant relating the mobilities of the free 
and the loaded sugar carriers. The interactive constant is set to 0.91 [5]. The elasticity 
coefficient can now be derived by calculating the effect of a small change in 
extracellular glucose (s) on the steady state activity of glucose transport (Vuans), keeping 
terms that are connected to other steps in glycolysis (in this case intracellular glucose) 
constant. The flux control coefficient of glucose transport on the glycolytic flux is 
obtained by dividing the response coefficient by the elasticity coefficient (equation!). 


METHODS 


Strain and growth conditions 

Cells of Saccharomyces bayanus IGC 4565 (CBS 378) were grown in batch on a 
rotary shaker (200 rpm) at 30°C, in 2% (w/v) Yeast Extract, 1% (w/v) Peptone and 2% 
(w/v) glucose to diauxic shift. 


Glucose consumption assay 

Cultured yeast cells (approximately 10g protein/l) were preincubated for 5 
minutes in a stirred thermostated vessel at 30°C; then an equal volume of a 
glucose/maltose mixture in phosphate buffer (pH 6.5) was added. Samples were taken at 
different times by adding a volume of the glucose metabolising cells to an equal volume 
of 10% (w/v) TCA which was kept on ice. After centrifugation and dilution, total 
glucose was determined. 


Zero trans-influx assay 

Zero trans-influx of glucose was determined in 5 seconds uptake experiments 
according to Walsh et al. [6]. Maltose inhibition of glucose transport was determined by 
adding maltose and glucose simultaneously. Kinetic parameters of glucose transport 
were derived by using Enzfittter software. 


RESULTS AND DISCUSSION 


A. Competitive inhibition of glucose transport by maltose in the yeast 
Saccharomyces bayanus 

In fig. 1, zero frans-influx of glucose, in cells of Saccharomyces bayanus grown 
on glucose to the diauxic shift, was measured over a range of glucose concentrations 
with and without the simultaneous addition of maltose. In the absence of maltose the 
zero trans-influx of glucose showed a curved Eadie-Hofstee plot, which indicates the 
presence of more than one component of glucose transport. Glucose transport could be 
fitted to a two component system with apparent kinetic characteristics that can be 
described by assuming two distinct Michaelis-Menten type carriers; a high affinity 
component with a Km of 1.55 (+ 0.15) mM and a Vinx of 277 (+ 25) nmol - min” . (mg 
protein)” and a low affinity component with a K,, of 33.7 (+ 10.2) mM and Vmax of 339 
(+ 23) nmol - min" - (mg protein)’. In the presence of maltose, it was not possible to 
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(accurately) distinguish two components of glucose transport, under these conditions 
glucose transport was best fitted to a one component system with a Ky, of 9.75 (+ 0.40) 
mM and a Vmax of 600 (+ 19) nmol - min’ - (mg protein)!. Apparently, maltose has the 
characteristics of a competitive inhibitor towards glucose transport in Saccharomyces 
bayanus: the Vmax remains constant while the K,, increases. 
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Figure 1. Eadie-Hofstee plot of the 
inhibition of the zero trans-influx of glucose 
by maltose in Saccharomyces bayanus. Cells 
° of Saccharomyces bayanus (IGC 4565) were 
omMMal_ | grown on YEP, 2% glucose to the diauxic 
toomMMar | Shift. Zero trans-influx of glucose was 
measured as described in Materials and 
Methods in the absence and presence of 100 
mM maltose. 
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B. Comparison of zero trans-influx of glucose and glucose consumption 

The rate of glucose consumption was measured at different concentrations of 
glucose with and without the addition of 100 mM maltose. To compare glucose 
consumption at a certain glucose concentration with the zero trans-influx of glucose at 
that extracellular glucose concentration, the zero trans-influx of glucose at that 
extracellular glucose concentration was calculated from the kinetic data fitted to a 
system with two Michaelis-Menten enzymes for glucose transport in the absence of 


maltose and a system with one component for glucose transport in the presence of 
maltose. 


Figure 2. Comparison of the zero trans- 
influx of glucose Vzero-trans With the rate of 
glucose consumption (J). The zero frans- 
influx of glucose and flux were modulated 
by varying glucose and maltose. Cells of 
Saccharomyces bayanus (IGC 4565) were 
grown on YEP, 2% glucose to the diauxic 
shift. The rate of glucose consumption (J) 
and the zero trans-influx of glucose were 
measured as described in Materials and 
Methods in the absence and presence of 100 
mM maltose. The consumption rate (J) and 
the zero frans-influx (v) are expressed in 
nmol - min’! - (mg protein)”. 


In fig. 2, the In(Vzero-trans) versus In(J)-plot gives a slope of 1.04 (+ 0.04), which 
suggests all the control of the glycolytic flux to be in the glucose transport step, in other 
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words glucose transport as the rate-limiting step. In the approach used above the 
glycolytic flux was compared to the zero trans-influx of glucose. However, the zero 
trans-influx of glucose is not the actual steady state activity of glucose transport. 


C. Determination of the response of the glycolytic flux to a change in the 
mathematically derived steady state glucose transport activity 

The control of the actual glucose transport activity can be derived 
mathematically, using experimental data (figure | and 2), assuming that glucose 
transport is only connected to the rest of metabolism by the pool of intracellular 
glucose. Also ATP and G6P have been suggested to effect the glucose transport activity, 
although no direct evidence has been presented (see for refs. 4). To determine the 
control of glucose transport activity on the glycolytic flux one has to determine the 
effect of a small change of the actual steady state glucose transport activity on the 
glycolytic flux. The actual steady state glucose transport activity was calculated 
assuming two four state carriers which are only connected to the rest of metabolism by 
the pool of intracellular glucose (equation 2). The flux control coefficient (figure 3) can 
now be derived from the division of the response coefficient by the elasticity coefficient 
(equation 1). 


Figure 3. The flux control coefficient 

J 
(Cy ans 
on the rate of glucose consumption 
(glycolytic flux) as a function of 
extracellular glucose (s). Cells of 
Saccharomyces bayanus (IGC 4565) 
were grown on YEP, 2% glucose to the 
diauxic shift. The flux control 
coefficient was obtained by dividing 
the flux response coefficient by the 
100 450 elasticity coefficient. 

mM Gout 


) of glucose transport activity 


The flux control coefficient of the glucose transport step on the glycolytic flux is 
high (fig. 3). At every extracellular glucose concentration measured at least half of the 
control of the glycolytic flux is in glucose transport. Flux control coefficients of more 
than 1 were obtained, however these were probably a consequence of errors in the 
fitting of the kinetic characteristics of glucose transport and the determination of the rate 
of glucose consumption. If we varied the concentration of intracellular glucose in the 
calculation of the elasticity coefficient between 0 and 20% of the extracellular glucose 
concentration, no considerable effects on the flux control coefficients were obtained. 
We concluded that the derivation of the flux control coefficient is dependent on the 
concentration of intracellular glucose, however the flux control coefficient of glucose 
transport is certainly high (i.e. more than half of the control is in the glucose transport 
step), under these conditions. 
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Glucose transport has often been described as an important rate-limiting step of 
glycolysis in yeast [7], [8], [9], [10], [11]. Strong evidence for this was the 
demonstration that overproduction of different glycolytic enzymes in the yeast 
Saccharomyces cerevisiae did not result in an increased glycolytic flux [12], [13]. In 
addition, overexpression of the glycolytic enzymes did not result in significant 
differences in the concentrations of intracellular metabolites [13]. Also in the present 
study we confirm, on a more quantitative basis, that the control of glucose transport on 
the glycolytic flux is high. Both approaches followed show that in cells of 
Saccharomyces bayanus, grown on glucose and harvested at the diauxic shift, most 
control of the glycolytic flux resides in the transport of glucose across the cell 
membrane. 
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INTRODUCTION 

Metabolic flux analysis (MFA) is a metabolic modeling method in which the 
stoithiometry of intracellular reactions is coupled to measurements of a number of 
steady-state conversion rates, to give information about unknown intracellular reaction 
rates and net production rates. MFA is one of several tools that can be used in metabolic 
engineering, or the rational design or improvement of metabolic pathways [1, 2]. When 
used in conjunction with controlled perturbations of cultivation conditions, MFA can be 
used for identifying possible rigid branchpoints, identifying the existence of alternative 
pathways, predicting the effects of introducing new pathways on whole-cell 
metabolism, and calculation of maximum theoretical yields [2, 3]. 

In this work, metabolic flux analysis was used to gain detailed information about 
changes in the intracellular flux distribution as a consequence of variations in the 
oxygen uptake rate in RQ-controlled microaerobic continuous cultures [4, 5]. 


METHODS 


Experimental . 
The yeast Saccharomyces cerevisiae CBS 8066 was grown on a synthetic 


medium containing antifoam, ergosterol and oleic acid, with glucose (40 g/l) as carbon 
and energy source [6]. The respiratory quotient (RQ), defined as the carbon dioxide 
production rate divided by the oxygen uptake rate, was controlled at values between 6.2 
and 50, using the inlet gas composition as control variable [6]. The dilution rate was set 
between 0.07 h”! and 0.36 h™. Analyses included the concentrations of 12 extracellular 
metabolites, total biomass concentration, and cellular contents of protein, RNA, and 


carbohydrate [5]. 


Calculations : : 
In metabolic flux analysis, the rates of intracellular reactions, as well as some 


unknown net production rates, can be calculated from measurements of ‘a number of net 
production rates. In this work, the reaction network model consisted of 80 metabolites 
participating in 77 intracellular reactions. 17 metabolites were consumed or produced at 
nonzero rates, and 63 metabolites were considered to be in pseudo steady State, i.e. with 
net production rates equal to zero. Typically, these were mariners in various 
reaction sequences. The model was compartmentalized in a cytoso ms ia a mitochon- 
drial part. NADH and NADPH consumption and production must anced in each 


compartment (5, 7]. 
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Assuming steady-state 
conditions, the vector of net 
specific production rates, q, can be 
calculated from the vector of rates 
of the intracellular reactions, r, by 


q=T'r (1) 


where T is the total stoichiometric 
matrix, containing the stoichio- 
metric coefficients for all metabo- 
lites in the intracellular reactions. 
In this work, the vector r was 
estimated by minimization of the 
weighted sum of squares 


Z=E'V"'E (2) 


where V is a diagonal matrix 
containing the variances of the 
measured conversion rates, and E 
is the vector of residuals, given by 


E=4n—4m- (3) 


Gn is the part of the vector of 
estimated net production rates 
(Eqn. 1), that corresponds to the 
measured conversion rates, qm. 
The metabolic reaction network 
was solved by quadratic program- 
ming using the minimization 
routine CONSTR in MATLAB™. 
Constraints were primarily of the 
pseudo-steady state asssumption 
type. Additionally, irreversibility 
constraints were put on_ the 
isocitrate dehydrogenase (IDH) 
and a-ketoglutarate dehydrogenase 
reactions, and the net conversion 
rates of metabolites not initially 
present in the medium were 
constrained to be positive. 
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Figure 1. Fluxes of reducing equivalents 
(mmol g™ h") in continuous cultures of S. 
cerevisiae at 0.15 h’. Numbers represent (top 
to bottom) RQ 6.2, 12.5, 17, and 50, and are 
normalized to a glucose uptake rate of 1 C- 
mol gh’, Circled metabolites are measured 
in the culture broth. 
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RESULTS AND DISCUSSION 

Steady-state flux estimations at RQ 6.2, 12.5, 17, and 50, at a dilution rate of 
0.15 h” are shown in Fig. 1, in which the production and consumption of the reducing 
equivalents NADH and NADPH are presented. With increasing RQ (less aerobic 
conditions), the activities of the TCA cycle and the pentose phosphate pathway 
decrease. Whereas NADP-IDH remains active to furnish biosynthesis with 
mitochondrial NADPH at all RQ values, the activity of NAD-IDH decreases 
substantially with increasing RQ. At RQ values above 12, malate and succinate are 
formed from fumarate released in the biosynthesis of amino acids and nucleotides. 
Moreover, at higher RQ values, glycerol formation commences, and the model predicts 
an increase in the proportion of glutamate formation via the tentatively active GS- 
GOGAT system [8-10]. Total respiration decreases with increasing RQ, but the propor- 
tion of respiration of cytosolic NADH, via the extemal NADH dehydrogenase, 
increases [11]. Furthermore, a slight increase in the mitochondrial alcohol dehydroge- 
nase (ADH) is also predicted, facilitating a balanced mitochondrial NADH pool [7]. 

Clearly, a wealth of information can be obtained from these calculations. How- 
ever, these results can also be used to illustrate some of the limitations of MFA. The 
equation system in Eqn. | can, under certain conditions, be solved analytically. 
Furthermore, if the system is overdetermined and the magnitude of the errors in the 
measured rates are known, the maximum-likelihood estimate can be found [12, 13]. A 
problem with these solution methods is that additional constraints, other than the 
pseudo-steady state assumptions, cannot be included. Minor products, such as acetate, 
may very well be predicted to be taken up from a medium in which they are not present, 
or even produced. Furthermore, violations of irreversibility constraints must be dealt 
with by removing the reaction in question from the network — thus a single model may 
not be sufficient when operating conditions vary. 

To avoid these problems, constrained optimization should be used to solve the 
system. Since the original problem is a linear equation system, linear optimization is 
often used. The objective function is often chosen as maximum biomass production 
rate. Measurements are included as constraints, together with maximum and/or 
minimum rates and pseudo-steady state assumptions. The solution to a linear 
programming problem lies on the boundary of at least one variable or constraint, and it 
is therefore difficult to allow for potential measurement errors in all measured variables. 
However, for prediction of the effects of e.g. genetic changes, this methodology works 
very well. 

Minimizing a quadratic objective function, such as the one used in this work, by 
means of a nonlinear constrained optimization routine enables the inclusion of all these 
kinds of constraints, and furthermore, allows for distribution of errors over all estimated 
production rates. It also makes it possible to test the effects of alternative pathways 
while still obeying irreversibility constraints — the ‘best’ network would result in the 
lowest value of the objective function. 

Parallel reactions sometimes become difficult to resolve by MFA. In this work, 
there are two sets of parallel reactions proceeding with different cofactors, and two sets 
of reactions proceeding in both compartments. The activity of NADP-IDH is directly 
governed by the cellular need for mitochondrial NADPH, so the split between NADP- 
IDH and NAD-IDH is easily determined. However, the split between NAD- and 
NADP-coupled AIDH is not straightforward. Hypothetically, cytosolic NADPH 
production can be fully explained by PPP activity. Thus, the split between the two 
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AIDHs must be resolved by other means. One alternative is to use an NADH balance. In 
our case, reproducible results (i.e., insensitive to initial guess) could be obtained by 
adding a penalty for the GOGAT activity in the objective function. This forces the 
solution towards minimal GOGAT activity [7, 8], and minimizes cytosolic NADH 
formation, which causes the AIDH activity to move towards NADP-coupled activity at 
elevated RQ values. 

Respiration and ADH activity are present in the mitochondrial as well as in the 
cytosolic compartments. Therefore, the distribution of respiration between the 
mitochondrial and external NADH dehydrogenases cannot be uniquely determined. 
However, omitting any one of these reactions from the network is in contradiction to 
published data [7, 11, 14]. 

Validation of a model is a fundamental part of any modeling procedure, and has 
recently been discussed also in relation to MFA [15, 16]. However, measuring intra- 
cellular reaction rates in vivo is indeed a complicated task. Enzyme activity 
measurements, immunoblotting and Northern blotting techniques may give a clue to the 
presence or absence of certain enzymes and reactions, but cannot be used to give solid 
support for the actual flux distribution, since both allosteric regulation and 
concentration effects, e.g. the [NADH] / [NADPH] ratio, are neglected in these 
measurements. Measuring the fractional enrichment of °C [17] or the isotopomer 
distributions in intracellular metabolites [18] may facilitate the validation of 
intracellular reaction rates. 

Thus, the information gathered by a metabolic flux analysis should be treated 
with some caution before solid conclusions can be drawn. Nonetheless, it is a very 


valuable tool for identifying key areas of metabolism where research efforts must be 
intensified. 
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Metabolic engineering 


The concept of metabolic pathway manipulation for the purpose of improving living 
cells to perform better, in the course of process development, has been used 
extensively in the past. Thus, improved brewing strains of Saccharomyces were 
obtained through classical methods of sexual hybridization and genetic recombination, 
and in the production of penicillin by Penicillium chrysogenum the productivity 
increased by more than 10,000 times through repeated rounds of mutation and 
selection of new strains. With the introduction of recombinant DNA technology it 
became possible to uulize a more rational approach to strain improvement, since 
directed genetic modificaton enables more selective breeding to be carried out, 
without the transference of undesirable characteristics. 


The general designation metabolic engineering, which was defined by Bailey (1991) 
as the improvement of cellular activities by manipulation of enzymatic transport and 
regulatory functions of the cell with the use of recombinant DNA technology, may 
well be extended to encompass changes of the process conditions leading to re- 
orientations of metabolic fluxes. The application of genetic engineering support 
metabolic engineering by allowing: 


1) the insertion of new pathways in microorganisms with the aim of producing novel 
metabolites (e.g. production of polyketides by Steptomyces), degrading toxic 
compounds (e.g. in bioremediation), or constructing a novel biotransformation 
system; 

2) the production of heterologous peptides of pharmaceutical interest (e.g. human 
insulin, erythropoitin and tPA) or industrial enzymes (e.g. lipases and cellulases); 

3) the improvement of pathway fluxes in the direction of the desired product (e.g. 
increasing the flux towards antibiotic or primary metabolites production, including 
biomass). 


Metabolic engineering implies an integrated approach to the complete study of any 
living organism as a cell factory and it is, therefore, instrumental in the future 
development of new bioprocesses as well as in the optimization of the existing ones. 
What characterizes metabolic engineering is the rational approach to select the cellular 
and genetic targets upon which to act. As with all other fields of engineering it 
consists of two steps: analysis and synthesis (Stephanopoulos et al., 1998). To reach 
its objectives, it is fundamental to have the concerted input of different disciplines: 
cell biology, physiology, biochemistry, molecular biology, analytical chemistry and 
chemical engineering. Identification of the proper genetic changes require a 
meticulous mapping of the cellular metabolism at different operating conditions. The 
genetic plasticity of the organism and lack of understanding the complex interactions 
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between entangled metabolic pathways present major complications and have 
prevented rea] breakthroughs and more rapid progress in this field. 


As a consequence of the difficulties in performing detailed analysis of cellular 
metabolism, the focus in the recent past has been mainly on synthesis, e.g. expression 
of new genes in various host cells, amplification of endogenous enzymes, and deletion 
of genes or modulation of enzyme activities. With the steadily refining analytical 
techniques it is now possible to perform detailed analysis of the cellular functions 
both through in vitro and, mostly important, in vivo measurements. Thus there are 
several examples of in vivo measurement of intracellular metabolites using NMR and 
based on experiments with '*C-enriched carbon sources followed by measurements of 
the fractional enrichment of '°C in cellular amino acids it is possible to quantify 
intracellular flux distributions with a high precision. Furthermore, using high 
performance bioreactors equipped with on-line flow injection analyzers it is possible 
to monitor cellular metabolism, i.e. uptake of substrates and secretion of metabolites, 
with a high precision and high frequency. Finally, novel sampling techniques now 
allow rapid sampling and quenching of cellular activity which may lead to precise 
measurement of intracellular metabolites and co-factors. Thus, with the present 
techniques it is possible to quantify the two groups of variables that supplies the most 

fundamental physiological information: intracellular metabolites and metabolic 
fluxes. It is expected that with these tools in hands it will in the near future be possible 

to construct reliable models (both verbal and mathematical models) for even complex 

pathway networks - at least for a few model organisms. Hereby one can obtain the true 

integration of the many intracellular reactions that it needed in order to metabolic 

engineer the cellular function to suit a specific need. 


The role of MCA in metabolic engineering 


One of the most important aspects of metabolic engineering is control of flux, i.e. how 
the rates of synthesis and conversion of metabolites are kept in close balance over a 
very wide range of external conditions without catastrophic rises or falls in the 
metabolite concentrations. A powerful technique for evaluation of flux control within 
biochemical pathways is metabolic control analysis. Its foundation is the so-called 
elasticity coefficients and flux control coefficients (FCCs). Whereas the elasticity 
coefficients are properties of the individual enzymes the FCCs are properties of the 
system. The FCCs can be determined by many different methods, but in this 
presentation there will be emphasis on the application of mathematical models for 
analysis of flux control. Using mathematical models for biochemical pathways it is 
possible not only to calculate the FCCs, but it is also possible to evaluate the effect of 
introducing large changes in the enzyme activities or to investigate the influence of 
variations in the substrate concentration. 


The application of mathematical models in analysis of flux control has been illustrated 
by an analysis of the penicillin biosynthetic pathway. Based on a kinetic model for the 
enzymes in this pathway the FCCs were calculated at different stages of fed-batch 
cultivations, and a drastic shift in the flux control was observed (Nielsen and 
Jgrgensen, 1995; Pissarra er al., 1996). During the first part of the cultivation the flux 
control was mainly at the first step in the pathway, i.e. the formation of the tripeptide 
LLD-ACV by ACV synthetase (ACVS), whereas later in the cultivation flux control 
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shifted to the second step in the pathway, i.e. the conversion of LLD-ACV to 
isopenicillin N by isopenicillin N synthetase (iPNS). This shift in flux control was due 
to intracellular accumulation of LLD-ACV which has been shown to be an inhibitor of 
ACVS (Theilgaard er al. 1997). Obviously it mates no sense to talk about a “rate 
limiting step” or a “bottleneck enzyme” in this process. Besides the shift in flux 
control it is interesting to note that most of the flux control was at the two first step in 
the pathway. Furthermore, through analysis of the kinetic model it was found that the 
value of the FCCs depends on the dissolved oxygen concentration, which is a 
substrate in the IPNS catalyzed reaction (Henriksen er al., 1997). In the presentation 
the model will be extended to include formation of bis-ACV from the free thiol ACV, 
and the distribution of flux control in the pathway will be calculated with this new 
model structure. 
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